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The t r a n s v e r s e  and ion 'i t u d l n a i  ( p a r a l l e l  tc  tne  c u r re n ts  components
.are a s s o c ia te d  w ith  the  f a l l  e f f e c t  and m a g n e to re s is ta n ce  r e s p e c t ! ' e ly .
In th e  th e r/n a l c a s e ,  tn e  m easured e f f e c t s  -'ere th e  th e rm o e le c tr ic  v o lta g e  
said th e  t r a n s v e r s e  S t t in g iia u s e n rh e m s t  p o te n t i a l  l'cr a c o n s ta n t  h ea t 
c u r r e n t .
O s c i l la t io n s  as a fu n c tio n  o f  ma n e t ic  f i e l i  s tr e n g th  were observed  
in  a l l  o f  th e se  p o t e n t i a l s .  The m easured p e r io d  fo r th e  t r a n s v e r s e  
o s c i l l a t i o n s  as a fu n c tio n  o f  l / r  vra3 6 .2  x 10 gauss”  * octh
t r a n s v e r s e  e f f e c t s  p o ssessed  s tro n g  seconu harmonic o s c i l l a t i o n s .  The 
o s c i l l a t i o n s  in  th e  lo n g i tu d in a l  e f f e c t s  ooth  e x n ib i te d  a phase in v e rs io n  
in  th e  neighborhood o f h .2  K .G ., th e  same f i e ld  re g io n  fo r  which th e  
g ro ss  h a l l  f i e l d  changed s ig n  from a p lu s  to  a minus v a lu e . In  t h i s  
same f i e l d  r e g io n  th e  p e r io d  o f th e  o s c i l l a t i o n s  fo r  th e  lo n g i tu d in a l  
e f f e c t s  was h a l f  t h a t  o f i t s  low and h ig h  f i e ld  v a lu e s ,  i . e . th e  p e r io d  
o f  th e  second harm onic.
The te m p e ra tu re  dependence o f  th e  am plitude  o f  th e  o s c i l l a t i o n s  o f  
a l l  fo u r  e f f e c t s  was n o t very  s tro n g  in  th e  l iq u id  helium  tem p e ra tu re  
ra n g e .
te n s o r  were th o  g a l •'anema.mie t  ic  q u a n t i t i e s  s tu d ie d *  These
v i i
I f  we m odify * .il'G erm an’s th e o ry  by i n s e r t i n g  G r im s a l 's  and 
L c v in g e r 's  e x p re s s io n  fo r  an o s c i l l a t o r y  number o f  e f f e c t i v e  c a r r i e r s  
in to  - i l 'b e r m a n ’ 3 s o lu t io n  o f  the  e l e c t r i c a l  c o n d u c t iv i ty  t e n s o r ,  we can 
o f f e r  some e m p ir ic a l  c o r r e l a t i o n s  betw een the r e v e r s a l  o f  s ig n  o f th e  
h a l l  e f f e c t  and: l )  th e  phace r e v e r s a l  o f  th e  m a g n e to re s is ta n c e
o s c i l l a t i o n s ,  2) th e  s tro n g  second  harm onic c o n te n t  o f  th e s e  o s c i l l a t i o n s  
in  th e  re g io n  o f  th e  phase r e v e r s a l ,  and 3 ) th e  q u a d ra t ic  shape o f  th e  
envelope  to  th e  m a ,n e to re s is ta n c e  o s c i l l a t i o n s  in  t n i s  r e g io n .
h i l 'G e rm a n 's  th e o ry  i m p l i c i t l y  assumes th e  Weidemanrt-fVanz law . 
However, A zbel e t .  a l .  has shown t h a t  f o r  th e  3 tro n g  m agnetic  f i e ld s  and 
low te m p e ra tu re s  f o r  w .ich  l i l 'G e r m a n 's  th e o ry  ap L l i e 3 ,  th e  ’weidemann- 
F ranz law  i s  in d eed  v a l id .  I f  we assume th a t  th e  d if f e r e n c e  o f th e  
a b s o lu te  th e rm o e le c tr ic  power and th e  tem p e ra tu re  d e r iv a t iv e  o f th e  
ch em ica l p o t e n t i a l  i s  n e g l i g i b l e ,  we a r r iv e  a t  an e m p ir ic a l  e x p la n a tio n  
o f  th e  phase r e v e r s a l  o f  th e  o s c i l l a t i o n s  in  th e  lo n g i tu d in a l  th e rm a l 
p o t e n t i a l  and th e  p re sen ce  o f  th e  la rg e  second  harm onic in  th e  
ne ighborhood  o f  th e  phase r e v e r s a l .
As a  c o r o l la r y  to  our a tte m p ts  to  o r i e n t  the m agnetic  f i e l d  a lo n g  
th e  h ex ag o n a l a x i s ,  d a ta  were c o l l e c t e d  wtdch p o s s ib ly  c o n ta in  a 
component o f  an e f f e c t  p a r a l l e l  to  th e  f i e l d .  :,'u r th e r  e x p e r im e n ta tio n  
m ight i s o l a t e  t n i s  e f f e c t .  A lso , i t  would be i n t e r e s t i n g  to  r e p e a t  th e  
ex p erim en ts  perfo rm ed  f o r  t h i s  p ap er i n  th e  l i q u i d  hydrogen te m p e ra tu re  
r a n g e . T here i t  m ight be p o s s ib le  to  make a  f r u i t f u l  s tu d y  o f  th e  
tenqpera tu re  dependence o f  th e  am p litu d e  o f  th e  o s c i l l a t i o n s  •
v i i i
CHAPTER I
INTRODUCTION ANu THEORY*
In  th e  absence o f  a  m ag n etic  f i e l d  th e  e l e c t r i c a l  and th e rm a l 
p r o p e r t i e s  o f  a  homogeneous i s o t r o p i c  co n d u c to r a re  d e s c r ib e d  by fo u r  
q u a n t i t i e s :
1 ) th e  e l e c t r i c a l  c o n d u c t iv i ty
2 ) th e  th e rm a l c o n d u c t iv i ty
3 ) th e  th e r m o e le c t r ic  pow er, i . e . ,  th e  e le c tro m o tiv e  fo rc e  asso ­
c ia t e d  w ith  a  te m p e ra tu re  g r a d ie n t
U) th e  P e l t i e r  c o e f f i c i e n t  wuich m easures th e  h e a t flo w  accom panying 
an e l e c t r i c  c u r re n t#
T hus, fo u r  c o e f f i c i e n t s  c a r  be d e f in e d  b u t on ly  th re e  a re  independen t#
The l a s t  two a re  co n n ec ted  by th e  second  K elv in  r e l a t io n #
When a m agnetic  f i e l d  i s  p r e s e n t  each  o f  th e s e  fo u r  e f f e c t s  r e q u i r e s  
th r e e  c o e f f i c i e n t s  t o  d e s c r ib e  i t *  The th r e e  c o e f f i c i e n t s  co rre sp o n d  to  
th r e e  fu n d am en ta l r e l a t i v e  o r ie n ta t i o n s  o f  f i e l d s  and c u r re n ts #
a) L o n g itu d in a l  e f f e c t s  in  a  lo n g i tu d in a l  m agnetic  f i e l d :  th e
m agnetic  f i e l d  i s  p a r a l l e l  to  th e  h e a t o r  e l e c t r i c a l  c u r r e n t  and 
th e  e f f e c t  i s  m easured in  a  d i r e c t io n  p a r a l l e l  to  th e  d i r e c t io n  
o f  th e  c u r re n t#
♦T his s e c t io n  fo llo w s  th e  tr e a tm e n t  o f  Ja n  in  S o l id  S ta t e  P h y s ic s , V ol. 
w hich th e  a u th o r  found t o  be m ost p e r t in e n t  t o  th e  p r e s e n t  s tudy#
1
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b) L o n g itu d in a l  e f f e c t s  i n  a  t r a n s v e r s e  m agnetic  f i e l d :  th e  m agnetic  
f i e l d  i s  p e rp e n d ic u la r  t o  th e  c u r r e n t  and th e  e f f e c t  i s  m easured 
in  th e  d i r e c t io n  o f  th e  c u r r e n t .
c ) T ra n sv e rse  e f f e c t s  in  a  t r a n s v e r s e  m agnetic  f i e l d :  th e  m agnetic 
f i e l d  i s  p e rp e n d ic u la r  t o  th e  c u r r e n t  and th e  e f f e c t  i s  m easured 
in  a  d i r e c t i o n  th a t  i s  p e rp e n d ic u la r  t o  b o th  f i e l d  and c u r r e n t .
We n o r  have 12 c o e f f i c i e n t s  o f  in d iv id u a l  g a lv a n o - and therm om agnetic  
e f f e c t s ,  9 o f  which a re  in d ependen t*  The o th e r  th re e  a re  r e l a t e d  by a 
g e n e ra l iz e d  v e rs io n  o f  th e  second K elv in  r e l a t i o n .
The above therm om agnetic  and galvanom agnetic  e f f e c t s  a re  g e n e ra l ly  
d e f in e d  by l i n e a r  r e l a t i o n s  between th e  f i e l d  q u a n t i t i e s  ( e l e c t r i c  p o te n ­
t i a l  g r a d i e n t ,  - E ,  and te m p e ra tu re  g r a d i e n t ,  - 0 ) and th e  e l e c t r i c  and 
h e a t  c u r r e n t  d e n s i t i e s  j  and w.^ The h e a t  c u r r e n t  w i s  th e  k in e t i c  
en e rg y  c u r r e n t  o f  th e  e l e c t r o n s .
Ei -  ( 1 )
\  ’  - " i A  * x i A  * £ j i  (2 )
E l e c t r i c a l  r e s i s t i v i t y  te n s o r  
Therm al c o n d u c t iv i ty  te n s o r  
e ik* A b so lu te  th e r m o e le c t r ic  power te n s o r  
ffik* P©1^ 1-©** te n s o r
J  : C hem ical p o t e n t i a l  o f  th e  e l e c t r o n s ,  Ferm i en e rg y  m easured
from  a  zone boundary  
e :  E le c tr o n ic  ch a rg e  ( n e g a t iv e  num ber)
■̂J# Meixner, Am. Physik 701 (1939)} 1*0, 165 (19 lil).
3
The in d ic e s  vary from one t o  th ree  and a rep eated  index in d ic a te s  
a summation over th e  in d ex . A l l  the couponents o f th e  above ten so rs  
are fu n c tio n s  o f th e  m agnetic f i e l d .  However, th ey  obey c e r ta in  r e c ip -
r e la t io n s  are evo lved  from a g e n e r a lisa t io n  o f  Onsager1s r e c ip r o c a l  
r e la t io n s .  They are*
The l a s t  eq u ation  i s  K e lv in 's  second r e la t io n .
Although Eqs. (1 ) and (2 )  were d efin ed  in  terms o f an is o tr o p ic  
medium, th ey  can be ap p lied  to  a c r y s ta llo g r a p h ic  system  i f  th ere  i s  
s u f f i c i e n t  symmetry between th e  system  and th e  f i e l d  and cu rren t v e c to r s .  
For exam ple, i f  we suppose th a t the m agnetic f i e l d  i s  in  th e  'L d ir e c t io n ,  
i t  i s  not n ecessa ry  th a t th e  system  be s t r i c t l y  i s o t r o p ic ,  but on ly  th a t  
th ere  be iso tr o p y  in  th e X-Y plane and th a t the c r y s t a l  symmetry be such  
th a t  th e  cu rren ts  and f i e ld s  are cop lanar ( in  th e  X-Y p la n e ) .^  Moreover, 
p h y s ic a l iso tr o p y  in  th e  X-Y plane i s  guaranteed by the Onsager r e la t io n s
i f  th e  c r y s ta llo g r a p h ic  syrranetry i s  such th a t  th e Z a x is  i s  a t h r e e - ,
h
f o u r - ,  or s ix f o ld  r o ta t io n a l  a x i s .  There are tw elve  c o e f f i c i e n t s  
appearing in  th e  expanded form o f  Eqs. (1 )  and ( 2 ) ,  which i s  j u s t  the  
number o f  e f f e c t s  m entioned above.
2




2I b id ,  p .  701 .
3 IT □ 1 ■!!H* B. C a lle n , P h ys. Rev. 22* 13li9 (191*8).
**L. O nsager, Phys. Rev. 37 , 1*0$ (1 9 3 1 )I 2 8 , 2265 (1 9 3 1 ).
i*
In  a  q u a s i - I s o t r o p ic  medium in  th e  form  ol‘ a  f l a t  r e c ta n g u la r  p l a t e  
as d e s c r ib e d  above and as d e p ic te d  in  F ig . 1 , th e  a d ia b a t ic  and iso th e rm a l, 
s t a t e s  o f  th e  sy stem  a re  d e f in e d  by T ab le  1 .
T ab le  I
E ffe c t  Isotherm al A diabatic
HaU f i l  f  !1 * ‘ l i T E
M ag n e to re s is ta n c e  *  n
in  t r a n s v e r s e  m agnetic  E ^ / j .  A f , / f .  -  e01 ~
f i e l d  1 1  '  11 / 1 1  21  Xn
^*21
E tt in g h a u s e n -N e m s t E*/b e e „ -  t . ,  -
2 1 21 21 11 X n
T h e rm o e le c tr ic  power *”11 e i i  ♦ ' 21- r f i
E* i s  d e f in e d  by th e  r e l a t i o n s h i p ,  E* ■ E -  V /
In  a p u re  m e ta l and u n d er c o n d it io n s  o f c o n s ta n t  te m p e ra tu re  and
homogeneous m agnetic  f i e l d  £* ■ E, s in c e  f  i s  a  f u n c t io n  on ly  o f  th e
te m p e ra tu re  and m agnetic  f i e l d  s t r e n g th .
Some a u th o rs  to d ay  d e s c r ib e  th e  H a ll e f f e c t  in  te rm s o f  th e  H a ll
a n g le  <f ( th e  an g le  betw een th e  c u r r e n t  d e n s i ty  and e l e c t r i c  f i e l d
v e c t o r s ) . '  In  te rm s o f  F ig . 1 , th e  an g le  <f i s  g iv en  by:
ta n  i f  -  » — 21 (It)
E1 11
In  a q u a s i - i s o t r o p i c  medium, tn e  c o e f f i c i e n t s  f i i *  f ^ y  x3 3 *
^ l l*  *3 3 * *1 1 * *33 a r e  seen  be even f a c t i o n s  o f  th e  m agnetic  f i e l d
from  symmetry c o n s id e r a t io n s ,  w hereas / ^ l *  X21* W2 1 * *21  a r e  0<̂ ‘
fu n c t io n s  o f  H. Thus u s in g  Eq. (3 c ) we a r r i v e  a t :
^E. 3 .  B orovik , Zhur. E k sp tl. i  T eo ret. F iz .  2^, 83 (1 9 5 2 ).
5
G2 = 0 : isothermal 
W2 s 0 : adiabatic
Transverse effect: 
c '  E2 or G2
Longitudinal"  ^
effect: E |,G |,o r  W|
Given prim ary^ 
quantity: j( or Gi
l-'IG. 1
6
' e l l  (H) '  "11 (l]> ‘  n22
T e ^  (H) -  rr^-j (ti)




Eqs# (5 a) and (5b) a re  th e  second K elv in  r e l a t io n s  lo r  t r a n s v e r s e  and 
lo n g i tu d in a l  m agnetic f i e ld s  r< s p e c tiv e ly }  and ( 5c) is  tn e  Bridgman 
r e l a t i o n  between th e  iso th e rm a l E tt in g h a u se n -K e m st e f f e c t  and th e  
E ttin g h a u se n  e f f e c t .  O ther r e l a t i o n s  between th e s e  e f f e c t s  e x i s t  but 
they  a re  a  r e s u l t  o f  p a r t i c u l a r  n o ie ls  o f  e l e c t r i c a l  and th e rm a l conduc­
t i v i t y #  One o f th e  most im p o rtan t o f th e s e  is  a  consequence of th e  
g e n e ra l iz e d  Wiedermann-fYanz th e o ry .^  I t  i s  th e  e q u a li ty  o f  th e  h a l l  
ang le  $  ( th e  ang le  betw een th e  e l e c t r i c  f i e l d  and c u r r e n t  d e n s i ty ) ,  and 
th e  R igh i— heduc an g le  ( th e  an g le  between tu e  tem p era tu re  g ra d ie n t  and th e  
h ea t c u r re n t  d e n s i ty ) .  T his r e s u l t  can he o b ta in ed  from f re e  e le c t r o n  
theory#"^ The b a s ic  assum ption  in v o lv ed  i s  t h a t  th e  r e la x a t io n  tim e fo r  
bo th  th e  th e rm a l and e l e c t r i c  co n d u c tio n  p ro c e sse s  i s  i d e n t i c a l .
The r e s u l t s  o f  low te m p e ra tu re  experim en ts  m easuring th e se  e f f e c t s  
as a  fu n c tio n  o f  m agnetic f i e l d  s t r e n g th  a re  very  anamolou3 .  In  p a r t i c u l a r ,  
a q u a s i-p e r io d ic  dependence on th e  r e c ip r o c a l  o f  th e  m agnetic f i e l d  has 
been n o te d . (The p e r io d ,  p h a se , and te m p e ra tu re  dependence o f such 
o s c i l l a t i o n s  a re  th e  fundam en tal q u a n t i t i e s  in v e s t ig a te d  in  t h i s  p a p e r ) .
Such o s c i l l a t o r y  b eh av io r was f i r s t  d e te c te d  in  th e  d iam agnetic
^M. Kohler, Am. P h ysik , 4 0 , 60 (1941)*
? 1 . Soramerfeld and N. H. FYank, R evs. Mod. Phys* 1 (1931)
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s u s c e p t i b i l i t y  o f  b ism u th  by de iiaas and van A lp h e n .°  L a te r ,  num erous 
o th e r  i n v e s t i g a t i o n s  o f  th e  m agnetic  s u s c e p t i b i l i t y  in  o th e r  m e ta ls ,  
a lo n g  w ith  i n v e s t i g a t i o n s  o f  th e  g a lvano*  and therm om agnetic  e f f e c t s  
e x h ib i te d  t n i s  same anam olous low te m p e ra tu re  f i e l d  dependence ( s e e  Jan  
S o l id  S ta te  P h y s ic s , Vol V, dor a com plete  b ib lio g ra p h y  o f  th e s e  
o s c i l l a t o r y  e f f e c t s ) .
^ o r  a r iv e n  m a te r ia l  th e  p e r io d  o f  th e  o s c i l l a t i o n s  as m easured in  
th e s e  e f f e c t s  by v a r io u s  e x p e r im e n te rs  ag re ed  s u r p r i s in g ly  w e l l .  Y e t, i t  
was d i f f i c u l t  t o  say w hether th e  ie s c r c p a n c ie s  t h a t  d id  e x i s t  were ca u sed  
by a s l i g h t  b u t e s s e n t i a l  d i f f e r e n c e  in  th e  m echanisms g iv in g  r i s e  to  
th e s e  e f f e c t s ,  c r  by th e  f a c t  t h a t  th e  v a r io u s  e x p e rim en ts  were p erfo rm ed  
on d i f f e r e n t  sam ples o f  th e  m a te r ia l  po 3 . s e e in g  v a ry in g  d e g re e s  o f  p u r i t y  
and c r y s t a l l o g r a p h ic  p e r f e c t i o n .  T h u s , j .  A. A ll  o f  t h i s  l a b o r a to r y  
d e te rm in e d  t o  s tu d y  th e  o s c i l l a t i o n s  in  th e  H a ll e f f e c t  and m a g n e to re s is ta n c e  
o f  a  s in g l e  c r y s t a l  o f  z in c  a t  l i q u i d  h e liu m  t e n d e r a t u r e s • d o r o v ik ^  had 
n o te d  in d ic a t io n s  o f  an o s c i l l a t i o n  i n  th e  H a ll  v o lta g e  o f  z in c  and A le rs^ *  
i n  h is  e x p e rim e n t an th e  th e rm a l and e l e c t r i c a l  m a g n e to re s is ta n c e  o f  z in c  
had  r e p o r te d  o s c i l l a t i o n s  in  th e s e  q u a n t i t i e s .  A c c o rd in g ly , thtsse 
e x p e r im e n ts  were p e rfo rm ed  and th e  p e r io d  o f  th e  o s c i l l a t i o n s  r e p o r te d  by
®W. J .  de Haas and P . M. van A lphen, Leiden Comm. Ho. 212A (1930)*  
9S .  A. A l i ,  D is s e r t a t io n ,  L ou isian a  S ta te  U n iv e r s ity .
10E . S . B orov ik , JETP, 2U3 (1 9 $ 6 ) .
^ P .  B. A le r s ,  P hys. Hev*, 101 , i*l (1 9 $ 6 ) .
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A li  In  th e  H a ll  v o l ta g e  and m a g n e to re s is ta n c e  o f  th e  same c r y s t a l  were 
th e  sam e, 6*3^ x 10” ^  g au ss  \  A d e c re a s e  in  th e  a m p litu d e  o f  th e  
o s c i l l a t i o n s  was n o te d  when th e  te m p e ra tu re  was lo w ered  from  to
1*3®K. T h is  was in  d i r e c t  c o n t r a d i c t io n  to  th e  p re v io u s ly  o b se rv ed  
te m p e ra tu re  dependence o f  th e  am p litu d e  o f  th e  de H aas-van A lphen ty p e  
o s c i l l a t i o n s  o b se rv ed  in  o th e r  phenomena and  w ith  o th e r  m a te r ia ls *
H ence, we u n d e rto o k  th e  m easurem ent o f  th e  te m p e ra tu re  dependence o f  
th e  a m p litu d e  o f  th e  o s c i l l a t i o n s  in  th e  h a l l  e f f e c t  arid m a g n e to re s is ta n c e  
o f  z in c  as th e  i n i t i a l  g o a l  o f  t h i s  s tu d y *  I t  soon Decame a p p a re n t  t h a t  
th e  "strange** am p litu d e  te m p e ra tu re  dependence was cau sed  by th e  s u p e r -  
p o s i t i o n  o f  therm om agnetic  v o l ta g e  phenomena upon th e  m a g n e to re s is ta n c e  
and H a ll v o lta g e s *  T h is  o c c u r re d  o n ly  above th e  X p o in t  (2 .18*K ) o f  th e  
l i q u i d  h e liu m  b a th  in  w hich  th e  c r y s t a l l i n e  z in c  spec im en  was p lac e d *
At th e s e  te m p e ra tu re s  th e  e f f e c t i v e  h e a t  c o n d u c t iv i ty  o f  th e  b a th  i s  o f  
th e  same o rd e r  o f  m agn itude  as t h a t  o f  th e  z in c  sam p le , and  th e rm a l 
g r a d ie n t s  w hich g iv e  r i s e  t o  eraf*s c o u ld  be s u p p o r te d  by th e  sam ple*
3elow  th e  "!■  p o in t  th e  s u p e r f lu id  h e liu m  i s  a  much b e t t e r  h e a t  c o n d u c to r  
th a n  th e  c r y s t a l ,  h e n c e , no th e rm a l g r a d i e n t s .  By a  s u i t a b l e  co m b in a tio n  
o f  d a ta  ta k e n  w ith  th e  e l e c t r i c  c u r r e n t  f i r s t  i n  one d i r e c t i o n  and th e n  
in  th e  o t h e r ,  one c o u ld  i s o l a t e  th e  g a lv an o raag n e tic  from  th e  therm om agnetic  
p o t e n t i a l s *  An a p p a ra tu s  was c o n s t r u c te d  t o  d e t e c t  th e s e  th e rm o m ag n e tic  
e f f e c t s  d i r e c t l y ,  u s in g  th e  same s e n s i t i v e  p o t e n t i a l  m easu rin g  d e v ic e  
em ployed i n  th e  H a ll  and  m a g n e to re s is ta n c e  e x p e r im e n ts •
12S* A. A l i ,  o p . c i t
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Most o f  th e  th e o r ie s  o f  g a lv a n o -  and therm om agnetic  phenomena ig n o re
th e s e  o s c i l l a t o r y  e f f e c t s .  We w i l l  p r e s e n t  r e p r e s e n t a t i v e  t h e o r i e s  o f
t h i s  ty p e  o n ly  in  b a re  o u t l i n e  in  A ppendix  A.
The mechanism  w hich c a u se s  th e s e  o s c i l l a t i o n s  i s  e s s e n t i a l l y  quantum
m e c h a n ic a l in  n a t u r e ,  f o r  i t  i s  th e  q u a n t i z a t io n  o f  th e  o r b i t a l  m otion  o f
e le c tr o n s  th a t  g iv e s  r i s e  to  a  q u a s i—p e r io d ic  v a r i a t io n  o f  th e  d e n s i ty  o f
s t a t e s  as a  fu n c t io n  o f  e n e rg y . C o n se q u e n tly , th e  m ag n e tic  s u s c e p t i b i l i t y
and th e  v a r io u s  t r a n s p o r t  phenomena w i l l  s io w  an o s c i l l a t o r y  b e h a v io r  a s  a
fu n c t io n  o f  th e  r e c i p r o c a l  m agnetic  f i e l d  s t r e n g t h . ^  T h is  i s  t r u e  fo r
b o th  f r e e  e l e c t r o n s  and f o r  e l e c t r o n s  in  a m e ta l l i c  l a t t i c e d  t * i a n t i t a t i v e ly
t h i s  e f f e c t  i s  u s u a l ly  in tro d u c e d  u nder th e  fo llo w in g  c o n d i t io n s i
if1’ < pH «  f  ( 6 a)
> i  (6b )
K: B o ltz m a n n  c o n s ta n t
T: K elv in  te m p e ra tu re
( e f f e c t i v e  Bohr m agneton)
iO : ■ ■ ( a n g u la r  c y c lo t r o n  fre q u e n c y )m»c
T * r e la x a t io n  tim e 
m*: e f f e c t i v e  e le c t r o n ic  mass
Another c o n d it io n  th a t  must be f u l f i l l e d  t o  in su r e  th e  a p p l ic a b i l i t y  
o f  any th eo ry  o f  tr a n sp o r t  phenomenon a t  low  tem peratures i s  th a t  th e  
s c a t t e r in g  mechanism sh ou ld  be s t a t i c  l a t t i c e  im p e r fe c t io n s , ia ^ u r ity  
atom s, e tc *  T his i s  to  ca u se  th e  r e la x a t io n  t i m e , *7*, to  be independent 
o f  th e  te iq p e r a tu r e .^
^ L .  Landau, £ •  P h ysik  6U, 629 (1 9 3 0 ) .  
l i *R. P e i e r l s ,  Z. P h ys. 8 0 , 763 ( 1 9 3 3 ) .
^ R .  B. D in g le ,P r o c . Roy. Soc* (London) A211,  500 (1952)*
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An e m p ir ic a l  th e o ry  o f  th e  ty p e  o f  A zbel e t .  a l . ^  i s  th e  most
p r a c t i c a l  method fo r  e x p la in in g  such r e s u l t s  as a re  p re se n te d  in  t h i s  
p a p e r . He w r i te s  th e  e l e c t r i c  and h e a t ( e l e c t r o n i c )  c u r r e n t  d e n s i t i e s  in  
term s o f  a t e n s o r i a l  r e l a t i o n  w itu  th e  e l e c t r i c  f i e l d  and te m p e ra tu re  
g r a d ie n t .  The com ponents o f  th e  te n s o r s  a re  then  so lv ed  fo r  in  term s o f  
th e  c o l l i s i o n  i n t e g r a l s  which can be d e te rm in ed  on ly  under th e  r e s t r i c ­
t io n s  o f  v a r io u s  s c a t t e r i n g  m odels. However, from c o n s id e ra t io n s  o f th e  
form  o f  th e  i n t e g r a l s  u n d er v a r io u s  p h y s ic a l  and e x p e r im e n ta l c o n d i t io n s ,  
he d em o n stra te s  symmetry r e l a t io n s h ip s  between th e  components o f tlie 
v a r io u s  t e n s o r s .  At te m p e ra tu re s  h ig h  in  com parison w ith  th e  bebye 
te m p e ra tu re , and a t  v e ry  low te m p e ra tu re s  ( t h i s  c r i t e r i o n  i s  d e te rm in ed  
q u a n t i t a t i v e l y  by c o n d it io n s  ( 6a) and ( 6b)) th e  W iedemann-Franz law , 
in d ep en d en t o f  th e  m agnitude and d i r e c t io n  o f  th e  m agnetic f i e l d ,  h o ld s  
fo r  each  o f  th e  com ponents o f th e  e l e c t r i c a l  and h e a t  c o n d u c t iv i ty  
t e n s o r s .  The e l e c t r i c a l  c o n d u c t iv i ty  te n s o r  o r  m a tr ix ,  c ,  i s  d e f in e d  by 
th e  m a tr ix  e q u a tio n :
A zbel fu r th er  shows th a t  independent o f  th e  above c o n d itio n s  cn the
l a .  A zb el, M. I .  Kaganov, and M. L if s h i t z ,  JETP 5 , 967 (1 9 5 7 ) .
e f t -  1 (7 )
and in  a two d im e n sio n a l c a s e ,
o 21 (8a)




tem perature the Wiedemann- ld:anz law i s  always s a t i s f i e d  for  asym ptotic
va lu es o f  th e  X and a  ,  com ponents f o r  th e  ca >e o f  unequal numbers o f 
21 21
e le c tr o n s  and " h o les ,"
lu il 'b e rm an  has e v a lu a te d  th e  c o l l i s i o n  i n t e g r a l  and c a lc u la te d  th e
©21 and components o f  th e  c o n d u c t iv i ty  te n s o r  u nder th e  c o n d it io n s  o f
17v ery  low te m p e ra tu re  and h igh  m agnetic f i e l d .  W ith r e fe r e n c e  to  F ig ,  2 , 
Z i l 'b e r man's e x p re s s io n  fo r  tn e  component o f  the  c o n d u c t iv i ty  te n s o r  along  





f  ■ 8 /3  m̂ A f l *  9/iiO p. H/ -  ^ e”^ c o s (e  -  rJ + * • *7
u  (pH ) U J
Y -  2 & Z  ! e -  .
P n pH
In th e  c a se  o f two o v e r la p p in g  co n d u c tio n  b an d s ,
0 u - i r ( f i *  V  t9 a )
w ith  su b sc r ip ts  "1" and "2" a p p lied  to  m, p., and e fo r  f  and
r e s p e c t iv e ly  and ^  rep laced  by (A , -  ^  ) fo r  f^ , A, i s  the overlap  o f
th e upper and low er band, and A i s  d ir e c t ly  p ro p o rtio n a l to  the im purity  
or d is t o r t io n  c o n ce n tr a tio n ,
D in g le  has d isc u sse d  the energy l e v e l  broadening due to  c o l l i s i o n s .
He showed th a t  t h is  broadening in flu e n c e s  th e  damping o f  the o s c i l la t io n s
as a fu n c tio n  o f  tem perature; th e  form o f  th e  damping term remains th e




same e x c e p t t h a t  th e  a c tu a l  te m p e ra tu re  T in  th e  e x p o n e n tia l  i s  r e p la c e d
by a  somewhat h ig h e r  te m p e ra tu re  ( i + T 1) where T ' * h/2tf^k ?* ■
1"
r e la x a t io n  t im e ) .  ' l i l 'b e r m a n 's  e x p re s s io n  fo r  o i s :
° 2 1  " ec ^ 1  ”
■ number o f " o v e r la p "  e l e c t r o n s  in  th e  upper band.
N ■ number o f  f r e e  s t a t e s  in  th e  low er band (num ber o f  " h o l e s " ; .
2
1C
The t i g h t l y  bound a p p ro x im a tio n  o f  P e t e r l s  fo r  th e  one e le c t r o n  
problem  i s  used  by l i l 'b e r m a n ,  and th e  o component was com puted f o r  a
4— - L
p e r f e c t  l a t t i c e  in  th e  l i m i t  o f  a la r g e  m agnetic  f i e l d .  Under such  
c o n d it io n s  i s  0 in  th e  f i r s t  a p p ro x im a tio n  as  in  th e  c l a s s i c a l  c a se*  
However, by in tro d u c in g  random l a t t i c e  d i s t o r t i o n s  as a p e r tu r b a t io n  to  
th e  H a m ilto n ia n , th e  o s c i l l a t o r y  dependence o i  c - ^  an ii ^ was accom plished* 
The assu m p tio n s  t h a t  were u sed  to  s im p l i f y  th e  e x p re s s io n  fo r  a res
exp (2tr^kT/p.h) »  1 (1 1 a)
JtT < pH ( l i b )
p H / /  «  1 ( 11c)
A lso , i m p l i c i t  in  h is  c a l c u l a t i o n  o f  c  and o ^  i s  t h a t  and Ng rem ain  
e f f e c t i v e l y  c o n s ta n t*  T h is  a r i s e s  from  th e  assu m p tio n  t h a t  «  "jf •
In  th e  ca se  in  td iich  on ly  a  sm a ll  "p o c k e t"  o f  c o n d u c tio n  e l e c t r o n s  o r  
" h o le s "  a re  in v o lv e d  i , e .  m-H < £  ,  N o r  may v a ry , and i t s  v a r i a t io n
w ith  m agnetic  f i e l d  s t r e n g th  would be o f  th e  de H aas-van Alphen ty p e*
20T his was f i r s t  c a lc u la te d  fo r  th e  aero degree o f  tem perature by Blackman
^®R* B. H in g le , P roc . Hoy. S o c . London A211,  $00 (1 9 5 2 ) .
19R* P e ie r ls  op* c i t .
20
M. Blackman, P roc. Roy* S oc. (London) A, 16 6 , 1 (1938)*
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and l a t e r  in tro d u c e d  in to  th e  t r a n s p o r t  e q u a tio n s  in  th e  te m p e ra tu re
21dep en d en t form  by L ev in g e r and G rim sal* L ev in g er and G r im s a l 's  e x p re s s io n
fo r  N u n d er th e  u s u a l  low te m p e ra tu re  c o n d it io n s  i s :
M •  d 0 + L ~ ^ r ----- s in (p e  -  , (12 )
° p 2 (2 n ) ,B p ^ *  s in h  py U
uhe N» and J a re  c o n s ta n t s ,  a l l  th e  rem ain in g  symbols have th e  same 
m eaning as  in  E q. ( 6a ) .
We w i l l  d is c u s s  u nder what c o n d i t io n s  t h i s  e x p re s s io n  fo r  ft m ight 
be in tro d u c e d  in to  L i l 1 German' 3 e x p re s s io n  fo r  o ^  in  C h ap te r V to g e th e r  
w ith  th e  p o s s ib le  a p p l i c a t io n  o f h is  th e o ry  to  our e x p e r im e n ta l  r e s u l t s *  
Z i l 'b e rm a n '3  th e o ry  i s  in co m p le te  in  th e  se n se  t h a t  i t  im p l i c i t l y  
assum es th e  v a l i d i t y  o f th e  Wiedemann- Franz r a t i o  w ith o u t d e m o n s tra tin g
i t *  However, a t  th e  low te m p e ra tu re s  f o r  w ic h  r.is  th e o ry  was fo rm u la te d ,
22A zbel e t  a l«  have shown t h a t  tn c  law o f  ,-Jiedemann-Franz i s  v a lid *
Kence, th e  te m p e ra tu re  g r a d ie n t  in  th e  d i r e c t io n  o f  th e  e l e c t r i c  f i e l d  
( th e  y d i r e c t io n )  i s  th e  t o t a l  te m p e ra tu re  g r a d ie n t ,  i . e *
f a  .  h i  .  p i  .  t „ n r f  (13)
ni xn °n
W ith r e f e r e n c e  to  Fig* 2 , Z i l ’ berm an’ s r e l a t io n s h ip  oetw een th e  e l e c t r i c  
f i e l d  and th e  te m p e ra tu re  g r a d ie n t  i s :
E -  E * g i  i £  or E* -  -  r ~  g G (Hi)
y 3ejf  * y  e «# y '  3e /
g “ 1 “  + 2n 'fffijcT  *** ^  ”  Y)slsi (e  -  n/U) ♦ .  . • (I lia )
^ J • S* L evinger and E. G, G rim sal, Phys. Rev, 9h,  772 ( 1 9 ) •  
22M* la* A zb el, H* I .  Kaganov, and M. L i f s h i t z ,  op . c i t *
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T his e x p re s s io n  f o r  g i s  l o r  a  s in g le  band model* The two band model 
g e n e ra te s  a  more com plex e x p re s s io n  o f th e  same form*
We may now c a lc u la te  th e  components o f  th e  th e rm o e le c tr ic  power 
te n s o r  under a d ia b a t ic  c o n d it io n s  and u n d er the  assum ption  th a t  th e  
Wiedemann-lYanz law  i s  v a l id .
From T ab le  I ,  and E qs. (13) and ( H ) :
3y s o lv in g  sim ultaneously* Eqs* (1 5 a) and (1 5 b ) ,  we can a r r iv e  a t  





21 3® (1  ♦ t a n )
kg t a n ^ (16b)
eYom E q s. ( 9 ) ,  ( 1 0 ) ,  and (13) we s e e :
(17 )
The r e s u l t  o f  Z i l 1berm an’ s c a lc u la t io n which i s  " b u rie d "
in  E* i s :
(18)
w here ,




One n o te s  t h a t  5(f) ■ c ^ ,  th e  s p e c i f i c  h e a t  p r e d ic te d  by f r e e  e le c t r o n
th e o ry  fo r  t h i s  group o f  c a r r i e r s .
T h is  su g g e s ts  an i n t e r e s t i n g  com parison . One sh o u ld  f i r s t  c a l c u l a t e  
th e  s p e c i f i c  h e a t o f  an e le c t r o n  gas in  a m agnetic  f i e l d .  This c o u ld  be 
done by in tro d u c in g  th e  q u a n tiz e d  dens i ty '-o f—s t a t e s  fu n c t io n  in to  th e  
i n t e g r a l  f o r  th e  mean e le c t r o n  e n e rg y . The te m p e ra tu re  d e r iv a t iv e  o f  
<E> would be th e  s p e c i f i c  h e a t ,  and one co u ld  th e n  d e te rm in e  w hether
In  C h ap te r I I  e x p e r im e n ta l a p p a ra tu s  and m easuring  equipm ent used  
in  th e  ex p erim en t w i l l  be d is c u s s e d .
C h ap te r I I I  i s  d ev o ted  to  exp 'o riin en ta l p ro ced u re  fo r  t h i s  s tu d y  w ith  
em phasis on new te c h n iq u e s  developed  in  th e  c o u rse  o f  th e s e  ex perim en ts*  
And f i n a l l y ,  in  C h ap te r IV th e  r e s u l t s  w i l l  ;>e p re s e n te d ,  and 
a n a ly ze d  in  C h ap te r V in  th e  l i g h t  o f  a  m o d ified  H lackm an-h il'cerm an  
th e o ry *
th e r e  e x i s t s  a l i n e a r  r e l a t i o n  between and as in  th e  nonm agnetic
c a s e .
CHAFT® I I  
BCPEKIHBiTAL APPARATUS
Sm all v o lta g e  m easuring  c i r c u i t
The c i r c u i t  U3cd fo r  th e  d e te c t io n  ei' th e  o s c i l l a t o r y  p o te n t i a l s  
c o n s is te d  o f  th e  fo llo w in g  u n i t s :  a Rubicon M icro v o lt P o te n tio m e te r
(R ubicon Company, E l e c t r i c a l  In s tru m e n t M akers, P h i la d e lp h ia ,  P ennsy l­
v a n ia )  j a L is to n  Becker dc b re a k e r  a m p l i f ie r  (L is to n  Becker In s tru m en t 
Company, I n c . ,  S ta m fo rd ) , and a  Brown r e c o rd e r  (M in n eap o lis  Honeywell
Company, M in n e a p o lis , M innesota) d e s c r ib e d  by 3 . A. A li  in  h is  
23d i s s e r t a t i o n .  H ence, I  w i l l  o n ly  comment on i t  b r i e f l y ;
S in ce  th e  p o t e n t i a l s  to  be m easured were on ly  an o rd e r  o f  m agnitude 
h ig h e r  th an  th e  in h e r e n t  n o is e  l e v e l  o f  th e  dc a m p l i f ie r  and p o t e n t i o ­
m e te r , any e x tra n e o u s  n o is e  due t o  ac p ic k u p , e l e c t r o s t a t i c  f l u c t u a t i o n s ,  
and therm ocoup le  em f1 s had  to  be m inim ized o r h e ld  c o n s ta n t  d u rin g  any 
one f i e l d  sw eep. T h is  was ach iev ed  by co n tin u o u s  h ig h  p u r i ty  copper 
le a d s  em anating  e i t h e r  d i r e c t l y  from  th e  c r y s t a l  o r  from  co p p er p robes 
to  th e  in p u t  o f  th e  p o te n t io m e te r .  The le a d s  were c o a te d  w ith  formwar 
i n s u l a t i o n  which proved  t o  be ex trem e ly  r e s i s t a n t  to  th e rm a l and 
m ech an ica l sh o ck . Each p a i r  o f  p o t e n t i a l  and c u r r e n t  le a d s  were tw is te d  
to g e th e r  to  av o id  in d u c t iv e  lo o p s and a l l  were p la c e d  i n  a  common 
s p a g h e t t i  and f l e x ib l e  m e ta l l i c  s h i e l d .  The s h i e l d  and s p a g h e t t i  ex ten d ed
23S . A. A l i ,  o p . c l t .
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from f la s k  cap o f  the dewar to  the sh ie ld e d  in -p u t  o f  th e  Kubicon 
potentiom eter*  The s h ie ld in g  was in  e l e c t r i c a l  co n ta ct w ith  the m etal 
cage around th e dc a m p lif ie r  and the b a ttery  s h e l f ,  and the s h ie ld in g  
around the in ou t ca b le  o f  the a m p lif ie r . A ll  o f th ese  were held  a t the  
same ground p o te n t ia l  by means o f  a s in g le  lea d  to  a water ta p . Thus, 
w ith  spu riou s n o ise  h eld  to  a minimum the o f f  balance o f  th e  p o ten tiom eter  
was a m p lified  by th e  dc a m p lif ie r , spread over a v o lta g e  d iv id er  netw ork, 
and then in troduced  to  the Brown reco rd er . With s u ita b le  adjustm ent i t  
was o o s s ib le  to  d e te c t  on the reco rd er , v o lta g e s  o f  the order o f  a 
m ill i -m ic r o v o lt •
Magnet
The e le c tro m a g n e t used  in  th e - e  ex p erim en ts  i s  a  l a r g e r  v e rs io n  o f
r\ \
th e one d escr ib ed  in  th e d is s e r ta t io n  o f  T. E. Leinhardt* The magnet * 
had a s e t  o f  tw elv e  c o i l s  and e ig h t c o d in g  n la te s .  four c o i l s  had 120 
tu r n s , four had 95 tu r n s , and the rem aining four had 78 tu rn s . The c o i l s  
were wound on a la t h e ,  and th e  conducting turns c o n s is te d  o f  l / 8  inch  
th ic k  by 1 inch  wide e l e c t r o ly t i c  copper s t r i p ,  each turn being in su ­
la te d  from i t 3  n ea rest neighbor by 0 .0 0 5  inch  " P e e r le ss” f i s h  paper. The 
c o i l s  had a t o t a l  s e r ie s  r e s is ta n c e  o f  1 ohm and and thus formed an 
optimum impedance match fo r  i t s  power supply} a 125 v o l t ,  15 k ilo w a tt  
d ir e c t  current g en era to r . The magnet was mounted on a r o ta t in g  p la tform  
so  th a t i t  was p o s s ib le  to  r o ta te  th e magnet in  a f u l l  c i r c l e  about the  
exp erim en ta l apparatus p laced  in  the f i e l d .  One cou ld  a ls o  r o ta te  the  
magnet about an a x is  in  th e h o r iz o n ta l p lane p a r a l le l  to  the f i e l d  v e c to r .  
However, t h is  fea tu re  o f  th e  m agnet's f l e x i b i l i t y  was n ot used in  th e se  
exp erim en ts.
[’.  B. L einhardt, D is s e r ta t io n ,  L ouisiana S ta te  U n iv er s ity
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The magnet was i n i t i a l l y  c a l i b r a t e d  by a " f l i p  c o i l ” m utual 
in d u c ta n c e  m ethod, b u t was l a t e r  r e c a l i b r a t e d  w ith  a p ro to n  reso n an ce  
g au ssm eter (N u c lea r M agnetic C o rp .,  ^ o s to n , . ia s s a c h u s e t t s ) • W ith a 
p o le  p ie c e  s e p a ra t io n  o f two in c h <3 and d iam e te r  o f  e ig h t  in c h e s ,  th e  
m agnetic  f i e l d  i s  l i n e a r  w ith  th e  a p p l ie s  c u r re n t  up to  33 am peres.
p e r  am pere. T h is  made fo r  g r e a t  conven ience  in  p ro c e ss in g  and 
in t e r p r e t i n g  d a ta ,  r'rom th e  w id th  o f th e  re so n an ce  p u lse  we e s tim a te d  
th a t  th e  inhom ogeneity  o f th e  f i e l u  in  th e  neighborhood  o f  th e  c r y s t a l  
was ap p ro x im a te ly  0 .0 1  p e r  c e n t over th e  a re a  o f th e  p ro b e , ’ih i s  wa3 
o f  th e  o rd e r  o f  a sq u a re  cm.
The magnet c o n t r o l  c i r c u i t
The c o n t r o l  c i r c u i t  used f o r  c o n t r o l l i n g  tn e  m agnetic  f i e l d  i s  th e
og
same one d e s c r ib e d  by S . A. A l i .  ' A sch em atic  i s  g iv en  by h i* .  The 
12 p a r a l l e l  6 A37’ s and th e  e x c i to r  c o i l  c f  th e  dc g e n e ra to r  form a s e r i e s  
c i r c u i t .  The " e x c i t in g ” c u r r e n t  (h e n c e , th e  arm atu re  o r  magnet c u r r e n t ) ,  
th ro u g h  t h i s  c i r c u i t  i s  c o n t r o l le d  by an a m p lif ie d  " d i f f e r e n c e ” v o l ta g e .  
The " d i f f e r e n c e ” v o lta g e  i s  th e  n e t  v o lta g e  a c ro ss  a  v a r ia b le  h e l ip o t  
p o t e n t i a l  and th e  magnet c o i l s .  J o ,  when th e  " d i f f e r e n c e "  v o lta g e  i s  
n o n -g ero  th e  c u r r e n t  th ro u g h  th e  e x c i t e r  c o i l  6 AJ7 c i r c u i t  a d ju s ts  
i t s e l f  in  a  d i r e c t io n  to  make th e  " d i f f e r e n c e ” v o lta g e  app roach  a e r o .
The p o te n t ia l  across th e magnet c o i l s  i s  q u ite  n o is y , but th e magnet 
behaves l ik e  a  la rg e  choke and the f i e l d  i s  very s ta b le  up to  the reg io n  
o f  maximum f i e l d  s tr e n g th , ^ 1 8  Kilogau33*
The s lo p e  o f  th e  "h" v s . " I ” cu rv e


















A co n tin u o u s  f i e l d  3weep was ach iev ed  by d r iv in g  th e  h e l ip o t  w ith  a 
sm a ll c lo c k  m o to r. The magnet c u r r e n t  was m onito red  w ith  a ;thodes 
p o te n tio m e te r  ( S e n s i t iv e  d e se a rc h  In s tru m en t C o rp o ra tio n , hew io rk )  used 
as a v o l tm e te r .  I t  m easured th e  v o lta g e  a c ro ss  a s ta n d a rd  r e s i s ta n c e  
(0 .0 1  ohm) which was in  s e r i e s  w ith  th e  m agnet. Whenever th e  magnet 
c u r re n t  in c re a s e d  by th e  g n a l l e s t  s c a le  d iv i s io n  o f th e  v o ltm e te r  ( t h i s  
was d e te rm in ed  v i s u a l ly )  a p ip  was superim posed  on th e  Brown r e c o rd e r  
t r a c e  by ta p p in g  a  te le g ra p h  key w nich e n e rg iz e d  an rtC c i r c u i t  w ith  a 
1*5 v o l t  d ry  c e l l .  These p ip s  can  be c l e a r l y  seen  in  T ig , (7 )  s u p e r­
in p o sed  on th e  ^rown re c o rd e r  t r a c e  o f  th e  c r y s t a l  s i g n a l .  The s m a l le s t  
s c a le  d iv i s io n  o f  th e  v o ltm e te r  was 0 .2  amperes from J tc  20 am peres,
0 .5  amperes from 20 to  50 am peres, and 1 ampere from $0 t c  100 am peres. 
The c r y s ta l  ( s e e  Appendix C)
The sample used in  th e se  exper im en ts  ?as th e  same one A ll^  used 
fo r  h i s  e x p e r im e n ts .
As p o in te d  ou t by A l i ,  th e  h ex ag o n al a x is  was d i r e c te d  s l i g h t l y  
above th e  h o r iz o n ta l  p lane (1 .5 * )  when th e  long  s id e  o f  th e  c r y s t a l  wa3 
in  a  v e r t i c a l  p o s i t i o n .  Do to  b r in g  th e  hexagonal a x is  in to  the  
h o r iz o n ta l  p la n e  w ith  th e  sample mounted v e r t i c a l l y ,  we c u t th e  c r y s ta l  
c h e m ic a lly  in  th e  fo llo w in g  m anner. The c r y s t a l  was p la c e d  in  an 
aluminum j i g  such t h a t  i t s  long  s id e s  made an an g le  o f  2 .1*  w ith  th e  
edges o f  the j i g .  The assem bly o f  c r y s ta l  and J ig  was then immersed in  
m elted flourocarbon wax, Kel 1*0 (J e r se y  C ity  Chemical D iv is io n ,  
M innesota Mining and M anufacturing C o .) .  A fter  hardening in  th e a ir ,  
th e wax was c a r e fu l ly  scra tch ed  away from the su r fa ce  o f  th e  c r y s ta l
26Ibid.
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alo n g  th e  edge o f  th e  clamp and th en  d ip p ed  in to  a c o n c e n tra te d  s o lu t io n  
o f  n i t r i c  a c td .  I t  wa3 th e n  th o ro u g h ly  r in s e d  in  ta p  w a te r . T his 
p ro ced u re  wa3 r e p e a te d  s e v e r a l  tim es u n t i l  th e  a c id  had e a te n  th ro u g h  th e  
c r y s t a l  a long  th e  s c r a tc h  m ark3.
The helium  gas vacuum system
To a ch iev e  a l i q u i d  helium  b a th  te m p e ra tu re  below U»20At th e  vapor 
p re s s u re  o f  th e  b a th  wa3 red u ced  by means o f  a  Kinney h ig n  c a p a c ity  
vacuum pump (K inney M anufactu ring  d iv i s io n ,  The ..ew fo rk  A ir  brake 
Company, B oston , M a ss a c h u se tts ) •
A s h o r t  s t e e l  s le e v e  ap p ro x im a te ly  fo u r  in ch es  lo n g  w ith  3 A  pip® 
th re a d s  on one end and a m achined f in i s h  o f  two in ch es  O .u . was screw ed 
in to  th e  in ta k e  o f  th e  pump. To t h i 3 was a t ta c h e d  1 3/U in ch  I . j j .  16 
in c h  f l e x ib l e  ru b b e r b e llow s and th e n  by means of a p a i r  o f  s t e e l  
f la n g e s  was co u p led  to  a  2 1/2  in c h  I .f ) .  30 in c h e s  long  f l e x ib l e  copper 
be llow s co v ered  w ith  do u b led  w a lled  b ronze c lo th  sh ie ld in g *  These 
f l e x ib l e  members were i n s t a l l e d  to  p re v e n t th e  pa33age o f  any  puno 
v ib r a t io n s  a lo n g  th e  vacuum l i n e  to  th e  sy stem . The vacuum l i n e  was 
in c re a s e d  to  s i x  in ch es  I .D . and rem ained  a t  t h a t  d iam e te r  u n t i l  i t  was 
red u ced  to  fo u r  in c h e s  I .D . as shown in  J ig *  ( h ) .  The dewar system  was 
made a  r e l a t i v e l y  perm anent p a r t  o f  th e  vacuum l i n e .  There were two 
p a r a l l e l  ro u te s  by which th e  helium  vapor c o u ld  be e v a c u a te d . One was 
th ro u g h  th e  fo u r  in c h  v a lv e  and f l e x i b l e  copper be llow s i n t o  th e  s id e  
p o r t  o f  th e  f l a s k  cap* T h is  was used  o n ly  t o  re a c h  th e  lo w es t a t t a i n ­
a b le  te m p e ra tu re .  T h is  te m p e ra tu re  v a r ie d  a cc o rd in g  to  e x p e r im e n ta l 
c o n d i t io n s ,  b u t was alw ays a p p ro x im a te ly  1.2*K p lu s  o r minus a  t e n th  o f  
a  d e g re e .  The a l t e r n a t e  ro u te  was th ro u g h  th e  bypass tu b e .  This was 
used  t o  re a c h  in te rm e d ia te  te m p e ra tu re s  betw een li.2*K and 1.2*K . The
23
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vapor p r e s s u r e ,  h en ce , th e  t e m p e r a tu re ,  was s t a b i l i z e d  a t  th e s e  
in te rm e d ia te  v a lu e s  by means o f  a v i s e  c o n t r o l l i n g  th e  opening o f  th e  
ru b b e r  hose  in  th e  bypass tu b e ,  because o f  tn e  r e l a t i v e  i n a c c e s s i b i l i t y  
o f  th e  v i s e  i t s  movement was c o n t r o l l e d  by a  p a i r  o f  coup led  3 e lsy n  
m o to rs ,  one o f  which was p u t  i n  a  c o n v e n ie n t  l o c a t i o n ,  th e  o th e r  was 
co n n ec ted  th ro u g h  a r e d u c in g  worm g e a r  t o  th e  v i s e ,  l i n c e  th e  e f f e c t s  
we s tu d ie d  were n o t  e x tre m e ly  te m p e ra tu re  s e n s i t i v e ,  t h i s  type  c f  
c o n t r o l  was q u i te  a d e q u a te .
The c r y s t a l  h o ld e r s
A. The c r y s t a l  h o ld e r  used  fo r  th e  ga lvanom agnetic  ex p er im en ts  and th e
o r i g i n a l  d e t e c t i o n  o f  th e  ther.aomai.Tiet i c  c l ' f e c t s  i s  o f  th e  same type
?7deve loped  and used  by S . A. A l l .  i t  i s  shown in  f i g .  ( 5 / .
The c r y s t a l  l a y  on th e  f l a t  bed c f  th e  l u c i t e  h o ld e r  and was n e ld  
in  p la c e  by th e  c o ld  drawn cop. e r  o ro i 'e s .  ih e s e  p robes  were i n d i v i d u a l l y  
machined in  a  J e w e le r ' s  l a t h e  u s in g  a f i n e  g r a in e d  w hets tone  and 
J e w e le r ' s  f i l e s  as t o o l s .  They moved f r e e l y  bu t w ith o u t  undue s id e w ise  
"wobble** in  t h e i r  b ra ss  bush ings  and  were h e ld  r i g i d l y  a g a i n s t  th e  
c r y s t a l  by means o f  phosphor b ronze s p r in g s  r e s t i n g  on t h e i r  grooved 
t o p .  The p o t e n t i a l  and c u r r e n t  l e a d s  were wrapped around th e  probes  a t  
th e  i n d e n t a t i o n  n e a r  th e  to p  and s o ld e re d  i n  p l a c e .  A f te r  th e  H all  l e a d s  
had been s o ld e r e d ,  t h e y  were b ro u g h t  d i r e c t l y  t o  th e  c e n t r a l  p o in t  o f  th e  
c r y s t a l  h o ld e r  and  t w i s t e d  t o g e t h e r  so  as t o  minimize th e  p r o j e c t io n  o f  
th e  lo o p  formed by  th e  l e a d s ,  t h e  p ro b e s ,  and th e  c r y s t a l  when viewed 
from above. T h is  was a  s u c c e s s f u l  p ro c e d u re  s in c e  th e  emf induced  i n  
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S in ce  i n  most o f  th e  e x p e r im e n ts  th e  m agnetic  f i e l d  was d i r e c t e d  
a t  an a n g le  o f  U2+* to  th e  n o rm a l o f  th e  c r y s t a l ,  t h e r e  was no f e a s i b l e  
way i n  which th e  same p ro c e d u re  c o u ld  be apt l i e d  t o  th e  m a g n e to re s is — 
ta n c e  o r  l o n g i t u d i n a l  l e a d s .  1 h e re  f o r e ,  a  "co m p en sa tin g "  loop  was 
in t r o d u c e d  i n t o  t h e  l o n g i t u d i n a l  l e a d s  th em se lv es*  About a c e n t im e te r  
above t h e  c r y s t a l  a  r e c t a n g u l a r  groove th e  3aroe s i z e  as  th e  lo o p  formed 
by th e  l o n g i t u d i n a l  l e a d s ,  p r o b e s ,  and c r y s t a l  was f i l e d  i n t o  t h e  s id e  
o f  t h e  c r y s t a l  h o l d e r .  The t w i s t e d  le a d s  were g e n t ly  p u l l e d  a p a r t  and 
g lu ed  i n t o  th e  s h a l lo w  'c a n a l s ’* o f  th e  r e c t a n g l e .  The o r i e n t a t i o n  o f  
t h i s  seco n d  lo o p  was such  t h a t  th e  emf in d u ced  u i t h i s  lo o p  opposed th e  
emf in d u ced  in  th e  c r y s t a l  l o o p .  To a c h ie \ fe s u f f i c i e n t l y  good compen­
s a t i o n ,  a  t r i a l  and e r r o r  p ro c e ss  was n e c e s s a r y .  The a r e a  o f  t h e  lo o p  
formed by th e  l o n g i t u d i n a l  l e a d s  was a d j u s t e d  v i s u a l l y  t o  e q u a l  th e  
a r e a  o f  t h e  c r y s t a l  lo o p .  The c r y s t a l  assem bly  was th e n  p la c e d  i n  th e  
f i e l d  and th e  n e t  in d u ced  emf n o te d .  The p ro c e s s  was r e p e a t e d ,  each  
t im e  r e a d j u s t i n g  th e  a r e a  o f  th e  loop  so  as  t o  m inim ize  th e  n e t  
in d u ced  emf.
A fter  th e  le a d s  l e f t  th e h o ld er  proper, th ey  were taped  to  the  
l u c i t e  rod support o f  th e  h old er and brought out through a s t a in l e s s  
s t e e l  tube in  f la s k  cap cover (1 )  sh o \n  in  r i g .  (U) .  They were then  
in trod u ced  to  th e atmosphere and a sh ie ld e d  c a b le  by means o f  s i x  Kovar 
s e a ls  (S tu p a k o ff D iv is io n  o f  the Carborundum C o . ,  Latrok, P e n n sy lv a n ia )•
B. The c r y s t a l  ho ld er used fo r  m easuring th e therraomagnetic p o t e n t ia ls  
i s  shown in  F ig . (5>). The c r y s ta l  was clamped t o  th e  e l e c t r o l y t i c -  
copper bar ex ten d in g  down in to  th e b rass vacuum ja c k e t .  I t  was
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i n s u l a t e d  e l e c t r i c a l l y  from th e  b a r  by means c f  c i g a r e t t e  p a p e r  and 
s i l i c o n  vacuum g r e a s e .  D uring  an ex p e r im en t th e  n ig h  p u r i t y  c o p p e r  was 
i n  good th e rm a l  c o n t a c t  w ith  th e  he lium  b a th  by v i r t u e  o f  i t s  f la n g e d  
h ead ,  and i t  s e rv e d  as a  h e a t  s in k  fo r  th e  iO gauge c o n s t a n t i n  w ire 
h e a t e r  wound around  th e  low er end o f  th e  c r y s t a l .  The h e a t e r  was h e ld  
i n  r i g i d  th e rm a l  c o n t a c t  w ith  th e  c r y s t a l  by means o f  a f lu o r o c a r b o n  
wax, Kel JLjO ( p r e v i o u s l y  d e s c r i b e d ) .
j in c e  a known h e a t  c u r r e n t  was r e q u i r e d  th ro u g h  th e  c r y s t a l ,  t h e  
sp ace  abou t t h e  c r y s t a l  had to  be e v a c u a te d  t o  a  p r e s s u r e  a t  which th e  
h e a t  c o n d u c t i v i t y  o f  th e  gas was n e g l i g i b l e ,  P ^  10“ ^ m.m. rig* (We were
c o n s i s t e n t l y  a b le  t c  a c h ie v e  p r e s s u r e s  o f  < 10“ ^ m.m. i lg . ) .
These low p r e s s u r e s  were a c n ie v e d  by a  Welsh d u o - s e a l  l'orepump, 
s e r i a l  No. 7691—2 1, and a  d i f f u s i o n  pump ( C o n s o l id a te d  Vacuum C o r p o r a t io n ,  
Model MCF60-01), and  m easured w i th  an i o n i z a t i o n  gauge ty p e  507.
O r i g i n a l l y  th e  p o t e n t i a l  and h e a t e r  le a d s  were in t r o d u c e d  i n t o  t h e  
vacuum sy s te m  a t  room te m p e ra tu re  by means o f  a t e f l o n  w asher sandw ich .
The sandw ich  was p la c e d  betw een two b r a s s  f l a n g e s ,  one o f  which was 
s o f t  s o ld e r e d  t o  t h e  s t a i n l e s s  s t e e l  vacuum l i n e  t u b e ,  th e  o t h e r  h e ld
i n  p la c e  by s i x  10*32 m achine s c re w s .  The le a d s  were th e n  ru n  dowi th e
s t a i n l e s s  s t e e l  tu b in g  and t h e  p o t e n t i a l  l e a d s  were s o ld e r e d  t o  p r e s s u r e  
c o n ta c t s  o f  th e  same ty p e  d e s c r ib e d  i n  p a r t  A. These p o t e n t i a l  p ro b e s  
were a r r a n g e d  i n  t h e  same f a s h io n  as th o s e  shown i n  F i g .  (5 )}  how ever, 
t h e i r  e r r a t i c  e l e c t r i c a l  c o n t a c t  a t  v e ry  low p r e s s u r e s  c a u se d  us t o  
abandon them and t o  s o l d e r  th e  l e a d s  d i r e c t l y  t o  th e  c r y s t a l  u s in g  "Ruby* 
f l u x  (The Ruby C hem ical Company, Columbus, Ohio) and th e rm a l  f r e e  s o l d e r .  
When we r e a l i s e d  good e l e c t r i c a l  c o n t a c t  w i th  th e  c r y s t a l  by means o f  t h e
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d i r e c t  s o ld e r e d  l e a d s  we aLsc a c h ie v e d  cod t:r  rraal c o n t a c t « h e n ce ,  h e a t  
le a k e d  in to  th e  sy s te m  at  rcom r a tu r e  and writ, i n t o  th e  c r y s t a l
w ith  l i t t l e  1c :s b eca u se  ol' the « x c e l l e n t  vacrum tnr> >j,:h which the le a d s  
r .assed . »e then p a rsed  tn e  le a d s  “.uroiirj} ti*( .ieliu:n ; a tn  . c ore 
in t r o d u c in g  them i n t o  the vacuum 53 y? t e n .  An e.jc;<y c a s t i n g  r e s i n  
( d t y c a s t  26^>J IT , hinerson and C an in g ,  L i e . ,  C an ton , . .a r -sa c n u se t ta ; which  
:,ad the  sa n e  c o e f f i c i e n t  c )' therm al expans icn  as cop;-or w:>s used  to  s e a l  
th e  s m a ll  ( 1 / l b  in c h /  co: er  t  ibe tarcu,:;. widen the le a d s  o a ' s e n  in t o  
th e  s y s  em. 'In is  •>* ;tl nas s u c c e s s ! a l l y  w ithstt. cd * he t normal s . .ock  o f  
u n d e r t i n t  a tem p eratu re  cnan f  rom 3 .0*K to  l ° h  s e v e r a l  t i m e s .  >rcId 
’*0" r i n e s  were male o f  id  fau-re 2a c a r a t  t o i l .  ’.her!  le n p tn n  were 1 u t t  
welded to  'orm r in .  3  a; ruxLmatcIy £- / ’' incn- 'n i lame t e r .  '• h* se were 
used to  fern  th e  vacuum ->< a l  : etwee:, m e  cc; . e r  an i tn*. . ru  ?s .jacket  
3 ::own in  .  ( cj ) .  t> n e -e ig h th  in ch  n eop ren e ''O'* r i n  s ana 1/16  in ch  
t e f l o n  w ashers p r o v id e d  th e  remalr.ic-r c f  tnr s e a l s  at rex m te  • r a t  e r e .
re  u o i t  .sarv co.r.u . r-j.4 ~ in  the -nor 'iu ri  c. t he v a r ’uus
‘y v cs  i ' > r i n o n t p < * r . o r  :c . Ln ‘; i-' r t..y# . .c n c e ,  ;.c wi Li ir s e i ' l r e
th e  :e i c ; o i! ;e .r. Mi • t ic :1 o r4 ’ c :  i s  r  , r : !: e : nu  .■ ;ii ■■'fun.r.a. 'i ,e t  Lc
and t . . r r  .<..ruy;net Lc >" p f-r ■ ru-nt. •.
be i t  m  any cne r : :  • rimer.*’. t r  -r 4 . . • n • r h ' i f u V ’, t :v a \ .  ' .a i  w.a
b ho a (. . a a/  c .~o a, i c  ̂ ; 1 1 r s c  c 1 a a , * n . i ti**,. - i i i a  , , a  . .. . L. .t ,. ~ , t  i.v
e tc u e u  in  a .LI l r ; c a ? i . .  ■; one . .a r t  a c a  Lc . p - ;  .■ p o r t s
t a  w a te r ;  • " u e r e o b t  , a : , ;  .sruv Co.* *’. r .  ,;a.' .x iu  ■ -.a tut- c ry  ; ; a i  >;ag
c a r e l o l l y  av<•idea, J u s t  , e 11.; -.•,’UiLin, ; a-.- cry.; L a i ,  t . .e  t i . . 3  v. i  tn e
c u r  re: i t  ."1111 p c t e n t i a i  i >r c : e s were w ipea ~ n t iy  *i ta: a : i.-c i a e ; j ; e r  w.iich 
had i e o a  iip p ed  i n t c  Lue l i i u t e  n i t r i c  aci-.l s o l u t i o n .  i a c r  . r o c e  was 
then r i n s e  i c a r e  b u l ly  ; ; i t n  wat»;r*
WhiiwC t h e  hc-ider ana f l a s k  ca:. c o v e r  ..ore c u t  oi th e  hew; a ’ sy* Lem.,
t h e  vacuum space  : etw een the  w a l l s  eb th e  h c i i u n  iewar v its : i u s n c  i c u t
r e p e a t e d l y  w ith  t r c s a  a i r ,  L h ie  was accoi”. i i . r . e a  by c r .b .a  ; t : .c  n to j i-
c c c k  on th e  dewor (n e e  ‘' . p .  ( a ) )  and p u r l i n  ’ ou t th e  pa., w i th  a s n a i l
bcrepump» We a l s o  h e a te d  th e  i n t e r i o r  o i  t n e  h e l iu m  sr-war blasio w i th  a 
s n a i l  p r o j e c t o r  lamp o p e r a t e d  a t  o n ly  20 volL-j. T h is  was t c  caxe o u t  
any a d s o rb e d  h e l iu m  i n  t h e  c l a s s  w a i l s  o i  Inc uewor* 'when th e  " c l a c k i n , ; 11 
oi' t h e  pump i n d i c a t e d  n e a r  n ir I ;n u n  p r e s s u r e ,  t h e  pump .Liir:, x i-i i c Weu,..' 
d isc o n n e c te d  ‘.'or a  moment t o  a l lo w  i r e s : :  a i r  t o  ru s h  i n t o  th e  vacuum
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,’ i-ace o i” th e  helium # T h is  was r e p e a t e d  s e v e r a l  tin- s and j u s t  a b o u t  
f i v e  m in u tes  p r i o r  t c  in t r o d u e in q  l i n u i  1 a i r  i n t o  th e  n i t r o p o i .  f l a n k ,  
T ip . (•';}, tin" f la n k  was e v a c u a te d  t o r  th e  l a s t  t im e .-m . t n e  s t o p c o c k  was 
co re  f u l l y  d o r  -1. ,fuen t h i s  v..s tone vr a*-re a lw ays  c a r e . . 1 t c  have tn e  
windows open in  or i«r th a t  th e  i id ; ,  urn as c m  v en t  <.** th e  da: o r a t o r y ’ 3 
atm osphere was as l e v  as p c r d l l r ,  so  i . i e  -ai t l a l  .-res-’urc c l' any
h e liu m  renal:.i.n;' v:;t • in t ,.e . . d i u n  : tuner w a l l s  a ' t e r  th e  f lu  Thin*; 
cu t  p ro cc  hire was con t e t r i  ■ Less '-urn 1 .  * ;.m. c f  L#e. t: .e  • e a t
con iu c t i"  i.ty c f  far m  a as r.o i i d b l r .
l e v e r a l  he urs t e f(.rc an fu q e r ir ic n t  van tc  e p er  foz*nc i ,  th e  dc 
a m p l i f i e r  wus f u m e d  an sc uio.t i w- . . .t a c i . i f  ve he: ;:«• r  , -t ' ire  s t a b i l i t y  
an i th e  c u r r e n t  an; ’C - te i . t ia l  l e a  is ch eck ed  f a r  vnortr unu c o n t i n u i t y *  
A ls o ,  th e  e r t i f s  c f  tiio vanj cue try c e l l s  i n  tn e  n a m e !  c o n t r o l  c i r c u i t ,  
th e  dc amp 11 ‘i e r ,  aria th e  iToun r e c o r d e r  were no as u rea  t o  s e e  i f  th e y  
were w ith .in  o p e r a t in g  l i m i t s .
The h e l iu m  . a th  vacuum ;y ; fc !  i was tnen  ch e c k e d  Tor iea .es  and i i  
none a p p e a r e d ,  we were read y  t o  u ep in  p r e c o c i i n f; our ap p a ra tu s  by 
p u t t i n g  l i  o u id  a i r  i n t o  t n e  n i t r e  wen .icwar# d in e r  wc e v a c u a te d  th e  
h e liu m  dewar vacuum sp a c e  w ith  o n ly  a forepump, th e  p r e s s u r e  o f  t iic  ;as 
a t  l i q u i d  a i r  te m p e r a tu r e s  v.as o f  m e oi'der c f  Id  ^ m.m. c f  h^, n e n c e ,  
c o n s i d e r a b l e  h e a t  c o n d u c t io n s  c c . f lu  ta k e  p l a c e .  The oa.ie  was tr u e  o f  
th e  i n t e r i o r  o f  th e  h e l iu m  f l a s k  in  v. i c h  the c r y s t a l  h o ld e r  uunj~ 
s u s p e n d e d .  T h u s,  a th e r m a l b r id y e  e x i s t e d  by w iiich th e  a p p a ra tu s  was 
c o o l e d  down t o  l i q u i d  a i r  t e m p e r a t u r e s ,  h o w ev er ,  when l i q u i d  u e liu m  v:as 
t r a n s f e r r e d  i n t o  t h e  h e l iu m  ie w a r ,  a " f r e e z i n g  out" o f  a l l  q a s c s  s a v e  
h e liu m  i t s e l f  to o k  p la c e  i n s i d e  th e  w a l l s  o f  t h e  i ie lium  d ew ar . I n i s  i s  
t h e  r e a s o n  why i t  was s o  im p o rta n t  t o  m in im ize  th e  amount o f  n e liu m  pas 
in  t h i 3  vo lu m e.
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C o n t in u i ty  o i  th e  le a d s  war; checked  im m ed ia te ly  it; f o re  and a l t e r  
the  helium  t r a n s f e r .  I h i s  war. t c  i e e  the  e f f e c t  c l  th e  th e rm a l 3hock on 
th e  c o n ta c t  cet.wecn the  p robes  and th e  cj\. .seal* ( bn one ^.ccas ion t h i s  
tf ie rr ia l  n.ocl: caused  an c, er. c i r e  i t  u t  a ri-jci'c 1 ,j unci ion  c o t  ween a 
p o te n t  Lr.l l e a d  auu th e  c r y s t a l , ;
We p roceeded  th e n  to  a t te m p t  t o  o r i e n t  t.io c r y s t a l  in  tne  iotp no t i c  
f i e l d .  T h is  was e a s i l y  a c h ie v e d  lo r  the  p a lv an o m ag n tt ic  e f f e c t s ,  s in c e  
t h e r e  e x i s t e d  a sh a rp  r e l a t i v e  minima in inc  u a g n e te re s  i s ' a n c e  ;;.»en th e  
m agnetic  f i e l d  as in  th e  d i r e c tL c n  <. . tn e  hexagonal a x is  cl t;.e c r y s t a l .  
T h is  was n o t  sc  e a r  _ly done l e r  t a r  th e rm a l  ca e ,  "'he magnet was la c e d  
in  a  d i r e c t io n  w . ich  had Leon vis- a l l y  le te  m in e d  to . t; in  th e  n e ig h -  
ro rh o o i  t the r.exa 'onu l a x i s ,  and t h r  -nit.tide o f  th e  f i e l d  was -.r ought
up t o  a va lue  c o r re s p o n d in g  tc  a -laxinun u ■’ an o s c i l l a t i o n  in  th e  t r a n s ­
v e rse  p o t e n t i a l  an 1 tu rn  tne  . i l r o c t l o n  ». 1 tr.e 1«. 1 1 ru s  c.ian e i  by a 
s m a l l  amount• T his  chan -ed th e  pep ' t  Lon o f  th e  t r a c e  on the  r e c o r d e r .
I f  th e  chanre  in  th e  r e c o r d e r  t r a c e  was such  t i ia t  t n e r c  'was a v o l ta g e  
i n c r e a s e ,  then  we assumed t h a t  th e  chan re  in  i r e c t i o n  o f  tne  f i e l d  was 
toward th e  hexagonal a x i s ,  ' c ,  when a maxim’.im v a lu e  was i n u i c a t e d  on 
the  r e c o r d e r ,  we assumed t h a t  th e  a s s o c i a t e d  d i r e c t i o n  c l  f i e l d  was along 
th e  h ex ag o n a l a x i s .  T his  assum ption  c t u l d  ue checked by taxiing a f i e l d  
sweep w ith  th e  f i e l d  in  th e  '’maximum** d i r e c t i o n  and th e n  r e v e r s in g  th e  
d i r e c t i o n  o f  th e  f i e l d  and p e rfo rm in g  a n o th e r  sweep. The symmetry or 
l a c k  o f  i t  o f  t h e  two f i e l d  sweeps i n d i c a t e d  now c l c s e  the d i r e c t i o n  o f 
th e  f i e l d  was t o  th e  h ex ag o n a l  a x i s .  Thus, a sm a l l  r e c t i f y i n g  change
co u ld  be made i n  th e  d i r e c t i o n  o f  th e  f i e l d .
We were th e n  re ad y  to  ta k e  f i e l d  sweeps m easu ring  f i r s t  th e  
t r a n s v e r s e  and th en  th e  l o n g i t u d i n a l  v o l ta g e  a t  v a r io u s  t e m p e r a tu r e s .
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Vhe p ro ced u re  Tor th e  ex p er im en ts  on the r ;a l . a n o n a y n e t ic  e iT e c t s  
i s  c o m p le te ly  d e s c r ib e d  ■.y the  above. Vhe onjy f e a t u r e  t h a t  was 
■:ti LYerriit in th e  L i o r w l  e :o 'eri : : e n ' s ‘.hr vac turn sy 'vc .u  ci'  tn e  c r y s t a l  
h o l i e r  o.: ;enb ly  nun. r r  ;V r .  \1>J» b c f c r e  any cx  . e r i n c n t  an th e  
thcrm cna n e t i c  e l < c t " , ve m d  to  . sake c e r t a i n  tr;.-.t I : <* vac rim ’.yrtcn  
was In  working o r d e r ,  and ire c o n t in u a l ly  non H e re  1 th e  ; -  c : ;a u ’p u u r in e  
an ex p er im en t w ith  tn e  ie r .ivu tL on  ran e .
.: n j. i
i l  n e r v a t io n ''
A l l  1-ita v -s ta^cu vr.'u. t .1 0  m a g n et ic  ' Lc 11 d i r e c t e d  a lo n g  tn e  
> exagc.-naL a : : i s , l.uus s a i d '■ L ,r iup tn e  uy:ir.efr;. • i l t i c n s  c l  f n a p t e r  J .
'.he e l e c t r i c a l  c r  h e a t  c u r r e n t  tm v  i. tuo cryg .a i  was n e ld  a t  a 
c o n s ta n t  v a lu e .  I've e l e c t r i c a l  c u r re u c  was cne a n e r e  1 im pure ,  
j u r i n g  ax:y -pi' er. f i e l d  su re .  th e  c u r r e n t  wc-.‘> c o n s ta n t  tc- w i th in  l e s s  
than  1;., Lut a lh. " a r ' a t f : :  'run t ne. v e t  c l  o;-: v r  '.monts tc  tn e  n e x t
was dc s i d l e  depenuing  c-n tne  s ta i-e  c f  cvorpe ui‘ tn e  wet. c e l l s  used  tc  
f u r n i s h  th e  c r y s t a l  c u r r e n t .  ' cv cv p r ,  a l l  e l e c t r i c a l  i s t a  v;as n c r“  
m a lise d  t c  a c u r r e n t  o f  cne ampere ana t c  a s ta n d a rd  am.>111‘i c a t i o n  o f  
Id  cm r e c o r d e r  d e f l e c t i o n  per 100 m i l l i - m i c r c v o l t s . Lhe lie a t  c u r r e n t  
vias o f  the  o rd e r  c f  iVcm u to  f  m i l l i w a t t s • u i  o c c a s io n  we oas ;ed as 
much as 1 ,; m i l l i w a t t s  t i i r e u m  ; lie c r y s t a l  t c  " flow  up" ti.e lower f i e l d  
end (**»2 X.G.J ol’ the  t r a c e .
The t r a c e  c f  th e  "'rown r e c o r d e r  pave a co n tin u o u s  r e c o rd  o f  th e  
f i e l d  v a r i a t i o n s  o f  th e  v a r io u s  n o L e n t i a l s ,  and whenever p o s s i b l e  t h i s  
"raw“ d a ta  i s  p re se n te d  d i r e c t l y  in  th e  form o f  p h c to g r a  h s ,  th e  
n e g a t iv e s  o f  wiiich were used  to  make o f f s e t  p r i n t i n g  p l a t e s ,  ih e  
t r a n s v e r s e  and l o n g i t u d i n a l  therm om agnetic  p o te x ^ t ia l s ,  f i g s .  (6 )  and ( ' { ) ,
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r e s r e c i  i v e l y ,  an i  th e  c o m p e n s a t e d * : vigno t o r e s r, V in ce  t r a c i n g s ,  "L, -. i ' ) , 
a r e  p r e s e n t e d  in  ti i t s  : ;a:u;cr • Vhe if  t a i  an ur to ;  s i s t a n c e  urn . a l l  
p o t e n t i a l  c a r v e s  a r e  s n v u  la  .•! *. ! ‘ i ,  an - ( l.<; \ /  ,,, in  * 1 j*  U ->* — l_
■'>. .or i  i r e a d  2 \ } *
L e t  us new i m r u i u c e  a ..ota*. .curd. e o n v e . . t .  o u .  ^ : t  . * . ♦ f 
w i l l  i n - i c a t e  t h e  gross  c r  m e e t : .  c u v e  f i e l d  v a r i a t i o n  c i  tn e  r a lv a n o — 
m a g n e t ic  p o t e n t i a l s  ;.y h xa: . l e a  c l  t h e s e  a r e  ! , . e  s a r a r e l a - I i k e
e n v e l o p e  tc tac- . . a l l  c a r v e s  ir&wn In •• i • ( 1  J a n 1, t i . e  i t r a i g n t  l i n e  
c o m n e n s a t in g  c u r v e  m  v ' hr . r m 'e r s  t c  t n e  o s c i l l a t o r y  c c n -
p o n e n t  0 1  t h e  p o t e n t i a l ,  ho sac*, con  ve.it. i...a-. i s  i ; c c c c a r y  f c r  t n e  
th e r m c m a p n e t ic  p o t e n t i a l s  s in c e  t a r  Lr n o n e .to n ic  c< u p o n e n t  i s  ;* ' l i g i t l e *  
'•fhese s a n e  c o r . . e n t i c n c  w i l l  a; ; 1, V „he e I c e  t r i e  ie_i.us I. a..a 1  
a s s o c i a t e d  :vi t ; .  l . i c  ”ic l e n t  Lais ,  r.n . ! :.r c c n  oal■ i < _ t  m e  ^ 9  and. o 
t e n s o r s .
c I s o l a t e  aaivar.crnanv t i e  . . a l l  vata a in. e t h e  a. c h i t ,  i t  was
n e c e s e a r -  ,  i n  p r i n c i p l e ,  t o  k  Tour l e ra raL c  f i c l « s w e e p s , a t  * d  and
+ -  1 •
’  r  ( v  . +  ■ w “  ( -+ _  + l b )
Vhe 1 norm al p o t e n t i a l s  v;cre c a n c e l l e d  oy tne  r e v e r s a l  c f  e l e c t r i c a l  
c u r r e n t  s in c e  t h e  h e a t  c u r r e n t  c a u se d  by t n e  c o n t a c t  r e s i s t a n c e  or th e
*A v o l t a g e  ' l i v i d e r  n e tw o rk  a c r o s s  th e  rrû  n o t  i t s e l f  was u sed  t o  
p ro d u c#  an i n c r e a s i n g  p o t e n t i a l  as a  f u n c t io n  o f  m a g n e t ic  f i e l d  s t r e n g t h .  
T h is  p o t e n t i a l  was l i n e a r  i n  t h e  f i e l d  in  the  s t r a i g h t  l i n e  p o r t i o n  o f  
th e  magnet c a l i b r a t i o n  c u r v e .  I t  was in t r o d u c e d  a s  a  "b u c k in g "  v o l ta g e  
i n  o p p o s i t i o n  t o  th e  o u tp u t  o f  th e  dc a m p l i f i e r  when a  m easurem ent was 
b e in g  made o f  th e  v o l t a g e  a s s o c i a t e d  w ith  th e  m a g n e t o r e s i s t a n c e . T h u s , 
t i .e  Brown r e c o r d e r  t r a c e d  o n ly  th e  o s c i l l a t o r y  component o f  th e  
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c u r r e n t  p r o c e s  d i d  n o t  r e v e r s e  i t s e l f .  'Ihe r e v e r s a l  c " f i e l d  was 
n e c e s s a r y  to  c a n c e l  any com ponent ci' a  l o n g i t u - iu i .u l  p o t e n t i a l  ( p a r a l l e l  
io  th e  ri:: T i ' . 1 ,  Lr f i e l d ) ,  ait.: a s m a l l  I  'iro ' Inc. Lc a s Li:;i:t m is a l ig n m e n t  
o f  a r c h e s .  ' L ire  * i e  :<e:ra.‘*onal a x i s  war r o u g h ly  tr/a r a d ia n s  ir o n  th e  
n orm al t c  th e  a l a n e  c f  vhe r r y s ' a i  an c r r c r  c f  2* in  tn e  a l ig n m e n t  o f  
t h e  f i e l d  a lo n g  t h e  h e x a g o n a l  a x i s  v:< I f  c a u s e  Id;.. < f  any l o n g i t u d i n a l  
p o t e n t i a l  t o  . p m easures. a t  s h e  t r a n s v e r s e  . r e f  e ? .  o w r v c r , th e  method  
o f  d e t e r m in in g  tiie  ur " a g o n a l  uxi. ; in  th e  a l .  anoria ;;.etd c c a s e  ( s e c  
C h ap ter  L"I) e n a o le d  us •«• low er  h:.c •,n c e r  t a i n t y  h. t . er I r c i d . n  :c o f
t i .e  a v i s  u n i  hr 1< 1 : •• •. ■ r t o  - . ° • Vhe 1.: :rc c a u s e d  i s
u is u i i .g s ' - ic u t  c.f th e  t r : - . : t ’.* rsi ; r e .  ; I s o  . t d h i ’ l c .  h . i .  cc •.I'd
: c a1 ' •-r; Lieu ny i t  vr-.-s in g  fur d r o c t  u s  c ; '.he e l e c  . r :.s u u a . f  w ith
:■ = and : u t i : i  t i ic  s.h i f t  Li t ix  revm r e c o r d e r  t r a c e  • l  h i s  s . a. f t  
was e q u a l  t o  tv; Lee t n e  d reg  due tc.' p u s  a l i g n m e n t ,  and i t  was a lw a y s  
c f  th e  o r d e r  ol' two c r  t h r e e  m t l l i —m i c r o v o l t s  • ’»h u s ,  c a c e  wr had
o r i e n t e d  th e  maun' t c a r e  f u l l y  a lo n g  t h e  hex ag o n a l a x i s  we g e n e r a l l y  to o k  
o n l y  two f i e l d  sw eeps w i t h  1  I ,  and c a l c u l a t e d  v a c c o r d i n g l y .  e lo w  th e  
X p o i n t  vmere vie th e r m a l g r a d i e n t s  can  e x i s t  o n l y  one f i e l d  sweep was 
n e c e s s a r y .  T n csc  rem arks n o ld  t r u e  f o r  v o l t a g e s  m easured  a lo n g  ooth  th e  
" I ” and n2" d i r e c t o n s  c f  f i g .  ( 2 ) .
3 i n e e  t h e  th e rm a l  p o t e n t i a l s  w ere m easurea  under a d i a b a t i c  c o n d i t i o n s  
and w i th  a c o n s t a n t  h e a t  c u r r e n t  in  th e  n l "  d i r e c t i o n  ( r i g .  ( 2 ) ) ,  r a t n e r  
th a n  a  c o n s ta n t  te m p e ra tu re  g r a d i e n t  i n  t h a t  d i r e c t i o n ,  th e  e l e c t r i c  
f i e l d s  a s s o c i a t e d  w ith  t h e s e  p o t e n t i a l s  a re  n o t  a measure o f  eu  *nd 
d i r e c t l y .  H a th e r ,  from Eq* ( l )  we s e e :
E1 " e l l  U1 ~ C21 °2 * e
I n t r o d u c i n g  E q .  ( 1 3 ) :
l i ■ [ u u  -  s K ; ■ c î "“ ‘* j  i . <>2i>
ui * wi *
',tiiero X i s  a com ponent o f  trw. inv- ; “.c if:..: co ;m .:c i :l\ i  t y  t e n s o r  and
_ "‘l i  t o ~ >
n  * .P  ♦ x 2'  *11 1
1 j . e r e f c r e ,
q . i  •  ̂ ■ D'u•  o jK5-  c2i mf\ di • C:JU)
l i u i l a r l y ,
(2h)-  r e ♦ c* , t m 4  t 121 >.'2_ L ?1 Li e 4  J  l l
X i
Cn • ! gs • .11 ' v-- i 1 2 ,  c . and c ‘ a r e  I t  ’ : n  r e  e c l i v e l y  it-;a I n s t  t n e.Li 21  ‘ _
r e c i p r o c a l  c ' t i .e  n a ,g n c t lc  f i e l d .  s i ; .  13 c.news ^ 2 \  03 a
f u n c t io n  c l  l / . i  i c r  to u r  a i f f e r e n t  t e n n e r  a t u n  s .
In  f i r .  1 3 ,  a l u c s  c f  1 / / .  c o r r e s p o n d i n g  t o  naxLnas in  ^  a r e  
p l o t t e d  a g a i n s t  i n t e g e r s .  The l e s t / - . ’i t  r t r a i 0n t  i l n c  . o r  i . . r  -t • o i n t s  
i r  i n d i c a t e d  bp n u n . « r  "1'*. dumber ll2 11 l i n e  I s  tn e  l o c u s  o i  s i m i l a r  
l / ' i v a l u e s  v s .  i n t e g e r s  l o r  e ^ *  ‘-he a v e r a g e  .■ e r ic a  f< r  t h e s e  
c s c i l l a f  l e n s  ' j  _ i v > n  by  t i c  c l o v e - ;  o f  l i n e s  “ 1" a n ;  " 2’' r e . p e c t i .  e l y j  
t h e i r  o h a r r  a n g le  i s  iet* ;r: l in ed  y t h e i r  i n t e r c e p t  -..nth tn e  l / . i  a x i s •
Tan . .here  $  i 3 t h e  . a l l  a n g l e ,  1 r  a n o t h e r  i n t e r e s t i n g  t -xp c r im e n  -a l
and t h e o r e t i c a l  o u a n t i t y  p l o t t e d  i n  T ig .  lu *  c  and have  coen 
c a l c u l a t e d  fTon e x p e r i m e n t a l  v a l u e s  o f  f̂ 7 .\ t a ĉcn a  111611,1
t e m p e r a tu r e  o f  1 . 9 * K. They  ate shown i n  r i g .  1 6 .
The n u m b e r ic a l  d a t a  c o r r e s p o n d in g  t o  a l l  o f  t h e r e  c u rv e s  i s  g iv e n  


















































° values  of l/H  for m ax im a in 
a values of l/H  for m axim a in cl.














III any i n v e s t i g a t i o n  ci' t n i s  ty p e  Lnc Most i n t e r e s t i n ' ;  e x p e r im e n ta l
S im i la r  - t r  l i ;;;it i.lno T.-iphj p l c f t e i  ..or r.uuhia o f  tne  -:c two cu rv es  liave 
s lo p e s  o f  6 .37  1 1 . .  In  Is i s  caused  by th e  ; r<. sence  o f  a l a r g e  second
th e  l a r c e  secona iurm cnic  the; e i~ • i.-ry rood u.;ia ement between t*ic 
p e r io d  fo r  t h e  two t r a n s v e r s e  e f i e c t s .
There i s  a g r e a t  d e a l  o i  s i m i l a r i t y  netween tiie e s c L l l a t o r y  
component o f  th e  m a g n e to re s is ta n c e  and th e  tnerm oelec  ;;ric  v o l t a g e .  As 
shown in  T ig s .  7 and 8 thc-y both e x h i b i t  a phase in  v e rs io n  .in the  
am plitude  cl' t h e i r  o s c i l l a t i o n s  a t  a; . r c x im c te ly  -+.2 K . t .  t h i s  phase
in v e r s io n  i s  i l l u s t r a t e d  in  tu e  fo llo w in g  way: an average period  i s
“ li “ 1 “ iichosen ( 6 .2  x  10 gauss fo r  th e  t n e r m o e le c t r i e  v o l ta g e  and 6 .3  x 10
a  va lue  o f  m agnetic  f i e l d  co rre sp o n d in g  t o  th e  maxima in  the  n e ig u co r*  
hood o f  9 K.U. (n  ■ 1 ,  2 ,  3# • • • > P “ p e r i o d ) .  T h is  i s  i n d i c a t e d  by 
th e  f i r s t  a rrow  on th e  upper curve s t a r t i n g ,  from th e  r i g n t .  To c a l c u l a t e  
th e  f i e l d  v a lu e  f o r  th e  n e x t  eq u ip h ase  p o in t  we add a  p e r io d  t o  th e  
r e c i p r o c a l  f i e l d  va lue  o f  th e  f i r s t  p o i n t .  T h is  f i e l d  v a lu e  i s  i n d i c a t e d  
by th e  second a rrow  from t h e  r i g h t  on th e  to p  c u r v e .  This p ro c e ss  i s
o u a n t i t l e the  observed  n c -r ie is  c f  th e  v o l t a r e  o s c i l l a t i o n s  in  th e
between th e
seen f r c n  s l ^ ’-cs c f  tn e  curvev a r io u s  o r .cL lla tion .
uirnonic  ( th e  double peal:
y\ ^
fo r  ) •  ^ ang le  & i s  then chosen (6  -  n /b  f o r  p ^
f o r  th e r m o e le c t r i c  p o t e n t i a l )  t h a t  w i l l  cause  n x r  + o to  g ive
U9
r e p e a t e d  t o  c a l c r ’l a v e  n u c c c -n s iv e  p h a s e  p o i n t s  t o r  t h e  t o p  c u r v e .  I t  i s  
t h e n  :io>,ed t h a t  t h e s e  e q u i p h a s e  p o i n t s ,  a l t h o u g h  i n i t i a l l y  o c c u r r i n g  a t  
o r  n e a r  m axim a1 n become p r o - ' r o s s i v e l y  c o i n c i d e n t  w it.a  .xLniina 's  a t  lo w e r  
f i e l d  v a l u e s *  T h u s ,  t h e  u p p e r  c u r v e  i s  t h e  lo c u s  o f  a u c h  p o i n t s • riy 
t h e  3ame p r o c e d u r e  a n o t h e r  s e t  o f  e q u i p n a s e  p o i n t s  i s  c a l c u l a t e d ,  o u t  
t h e s e  p o i n t s  a r e  a  p l u s  one h a l f  p e r i o d  o u t  o f  p h a s e  w i t h  t h e  f i r s t  s e t  
o f  p o i n t s .  'Ihe  l o c u s  o f  t h e s e  p o i n t s  i s  t h e  l o n e r  c u r v e  s t a r t i n g  from  
t h e  r i g h t  i n  1- i r s • 7 and  b ,  " l ie  i n t e r s e c t i o n  t - t h e  up. e r  an d  lo w e r  
l o c i  i n d i c a t e s  t r ie  n e i g h b o r h o o d  o f  t h e  p h a s e  r e v e r s a l .  As h as  a l r e a d y  
b e e n  n o t e d ,  t h i s  o c c u r s  a t  l*2il*'.i* f o r  b o t h  o s c i l l a t i o n s ,  v .h ich  i s  
a p p r o x i m a t e l y  t h e  same f i e l d  ’ a l u e  a t  w .,ich  ^  r e v e r s e s  s i g n  ft*on a  
p l u s  t o  a  m inus v a l u e ,  ( s e e  f i g .  1 1 ) .  An e m p i r i c a l  c o r r e l a t i o n  b e tw e e n  
t h e  r e v e r s a l  o f  s i m  o f  P  t o  t h e  r e v e r s a l  o f  p h a s e  o f  0 , w i l l  be
f  21  '  11
d e v e l o p e d  i n  C h a p t e r  V,
The p e r i o d s  o f  t h e s e  l o n g i t u d i n a l  e l e c t s  a r e  n o t  u n ifo rm *  T h i s  i s  
e s p e c i a l l y  t r u e  i n  t h e  n e i g h b o r  iiood o f  t h e  .-has* i n v e r s i o n  w here  t h e  
s e c o n d  h a rm o n ic  i s  d o m in a n t  t o  t h e  e x t e n t  t i i a t  t h e  e f f e c t i v e  p e r i o d  i s  
h a l f  i t s  h i g h  and  low  f i e l d  v a lu e *  T h i s  c a n  be s e e n  c l e a r l y  i n  t h e  
p l o t  o f  t h e  t h e r m o e l e c t r i c  v o l t a g e  vs*  l / h ,  r i g .  12*
M a g n e t o r e s i s t a n c e  d a t a  a r e  n o t  p r e s e n t e d  f o r  t e m p e r a t u r e s  ab o v e  t h e  
X p o i n t  o f  t e m p e r a t u r e *  One o f  t h e  r e a s o n s  f o r  t h i s  i s  t h a t  n e i t h e r  t h e  
m o n o to n ic  n o r  t h e  o s c i l l a t o r y  co m p o n en t  i s  v e r y  s e n s i t i v e  t o  t e m p e r a t u r e  
c h a n g e s  i n  t h e  l i q u i d  h e l iu m  r a n g e .  A n o th e r  i s  t h a t  *-s  d o m in a te d
b y  t h e  t h e r m o e l e c t r i c  p o t e n t i a l  o s c i l l a t i o n s  a b o v e  t h e  X p o i n t *
c *ju’T £ :  v
u  I3G'j3.->...ll, A-.i) A-.AiA i  1>3
n i s c u s s io n  o f  fu n d am en ta l  r e s u l t s
The obse rv ed  p e r io d s  and -ha.;e a n g le s  o f  t n e  twe T ra n sv e rse  
p o t e n t i a l s  rem ained  c o n s ta n t  in  “ lie l i q u l  i u e l iu n  ra n  'e .  '.he o s c i l ­
l a t i o n s  o i  th e s e  e i .V c t s  ex.- i c i t  a it a le  • a .k  syviten ( s t r o n g  second
h a rm o n ic ) ,  e* was ?0* o u t  o f  oh a-re w ith  O  p o s s i b l y  i n d i c a t i n g  a 
21 f 21
d e r i v a t i v e  o r . i n t e g r a l  r e l a t i o n s h i p  ie tw een  t u o ’.e e f f e c t s .  e r l i n c o u r t  
2Pand S t e e l e  in  t h e i r  inve -t l ;u t: or* t the t e m p e ra tu re  dependence c f  
th e  a m p li tu d e  o f  th e  de iiaas— van Alp hen o s c i l l a t i o n s  .in r i n c  found t h a t
as t h e  te m p e ra tu re  was low ered  from b J " h ,  th e  o e r io d  o f  th e  o s c i l l a t i o n s
- 5  _ i  - b  - 1
d e c re a s e d  from 12 x 10 gauss  t o  (.*3 * 1 J gauss  and a c q u i r e d  a
c o n s ta n t  v a lu e  o n ly  a t  l i q u i d  h e l i u n  t e m p e r a tu re s ,  They q u a l i t a t i v e l y  
e x p la in e d  t h e i r  r e s u l t s  by assum ing an a n i s o t r o p i c  c o e f f i c i e n t  o f  t h e r ­
mal e x p a n s io n .  T h is  would c a u se  a d i s t o r t i o n  o f  th e  u r i i l o u l n  zone 
boundry  which i n t e r c e p t e d  th e  Kermi s u r f a c e .  The " p o c k e t s ” so  form ed 
were a l s o  d i s t o r t e d  by th e  t e m p e r a tu r e .  T h e r e f o r e ,  t h e  o b se rv e d  p e r io d  
o f  th e  o s c i l l a t i o n s  a l s o  v a r i e d  s in c e  i t  i s  i n v e r s e l y  p r o p o r t i o n a l  to  
t h e  extremum c r o s s - 3 e c t i o n a l  a r e a  o f  th e se  " p o c k e t s . ”
The a m p li tu d e  o f  a l l  th e  o s c i l l a t i o n s  o b se rv ed  in  t h i s  u tu d y  were 
n o t  v e ry  te m p e ra tu re  s e n s i t i v e  i n  t h e  l i q u i d  h e l i u n  r a n g e ,  s e e  T ig s .  6 ,
2&T. g .  h e r  l i n e  o u r t  and M. G. S t e e l e ,  P h y s .  ;vjev, 9 5 ,  H 2 1  ( 1 / 5 1 ) .
SO
51
7 ,  1 0 ,  and 13* P ro b ab ly  more in fo rm a t io n  about th e  te m p e ra tu re  dependence 
o f  t h e  a m p l i tu ie  c o u ld  be had i f  th e se  experiment-;: were r e p e a te d  a t  
l i q u i d  hydrogen tem nera tu rcu  ( l u * f  21*K) • Also a  s h i f t  in  th e  p e r io d  
( I1 th e  o s c i l l a t i o n s  .night be o bserved  widen would c o r r e l a t e  w itn  tiie 
r e s u l t s  c i t e d  above o f  - e r l i n c o u r t  and d t e e l e .
The o s c i l l a t o r y  component o f  ^  ^ , aad mucii iii common w ith  
us rev iew  th e  e s s e n t i a l  m utual c h a r a c t e r i s t i c s  t h a t  tn e y  p o sse s se d :
(a )  a phase in v e r s io n  a t  ap p ro x im a te ly  tn e  same f i e l d  va lue  (u.5> n . d . ,
(b )  r i c h  second harmonic c o n te n t  in  th e  r e g io n  o f  f i e l u  c f  tn e  .diase
i n v e r s i o n ,  ( c )  an a p p a re n t  phase d i f f e r e n c e ,  see  F ig s .  1 anu 8 o f  3n /u>
a l th o u g h  i t  i s  c f  dubious va lue  t c  t a l k  o f  a phase  r e l a t i o n  for th e s e
two q u a n t i t i e s  s in ce  t h e i r  a p p a re n t  p e r io d  i s  n o t  a c o n s t a n t .
The computed v a lu es  o f  o and c; n l o t t e d  a r a i n s t  1 / i: a re  shown
11 21
in  Mr.* 6 .  The curve  i s  a I n c u t  p u r e ly  monotonic ex cep t  a t  th e  lower 
end o f  tn e  l / i i  a x is  where a t r a c e  a  th e  second harmonic o s c i l l a t i o n s  
can be d e t e c t e d .  T h is  was p o s s ib ly  cau sed  by th e  f a c t  the  th e  ^ ^  and 
P cu rv es  used in  i i i i s  c a l c u l a t i o n  were taken  at  s l i g h t l y  d i f f e r e n t  
t e m p e r a tu re s .  T hus, a l th o u g h  th e  a n p l i t v i e  o f  I he fundam enta l was 
p ro b ab ly  i n s e n s i t i v e  t o  th e  te m p e ra tu re  d i f f e r e n c e  f o r  tne two c u rv e s ,  
th e  v a r io u s  harm onics underw ent a s l i g h t  b u t  d e t e c t a b l e  cnanpe o f 
a m p l i tu d e .
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  f o r  low v a lu e s  o f  m agnetic  f i e l d ,
i . e . I / l l  > 35 x 10"5 gauss” '*’, t h e  o s c i l l a t i o n s  t h a t  a r e  p r e s e n t  i n  th e
 ̂ l_~
° 2 1  curve a re  a ĴU0S^ P^re  fundam enta l o f  P 21" Then in  th e  i n t e r -
“ 5 —Im edia te  f i e l d  range  (2U 35 x  10 gauss ) th e  second  harmonic becomes
d e t e c t a b l e ,  f i n a l l y ,  f o r  l / i i  < 2k x  10- ^ ,  i t  can be seen  t h a t  t h e  t h i r d  
harmonic i s  p r e s e n t  by tiie i l a t t e n i n g  o u t  o f  th e  " v a l l e y s " between th e
52
peaks o r  t i i e  fundam ental*  The a v era g e  p c r io u  c f  o , ,^ ,  i . e . Lhe average  
d i s t a n c e  betw een  peaks in  - i p .  16* : s  6 * lu  >. 10”  ̂ gauss  ^ in  very  good
/ v
agree  len t  w ith  p  , which i s  what one wc id  exp ect*
dy s u b t r a c t in g  ^  o io r  'i ■ 2*1*.: from .‘<-r V * <?.2*h we .have
a measure o f  th e  d i T e r e n c e  between the  a d ia b a t i c  and is o th e r m a l
o s c i l l a t o r '  component c f  th e  I n i l  e f f e c t *  This i s  t r u e  b ecau se  o f  t i ie
p e c u l i a r  p r o p e r t i e s  c f  the a c iiu m  bat;'., above an ; l.elcv; tiie X p o in t
( 2 .1 c *  K) w hich  vie aave a lread y  u i s c  s s e d  in  ;ha;-tcr C. -roni T able 1 we
s e e  t h a t  t i . i s  d l f f  .r en ce  i s  - iven  by c j_j_1T2 1 ^ 1 1 *  -'rCin - i f *  13 I f  - 3
p o s s i t l -  t o  e t h a t  th e  i i -T e r e n c e  u '  the c-a-v- s  P ^  ( 2*2*K)  and
« £-1
/  21  '' * i ° r̂  i s  ; r i m a r i l y  the v i ' u b  harmonic o f  tn e  p  o s c i l l a t i o n
i i ’ t i ie  s u b t r a c t io n  i s  per Ter; u-d. 1 ’hr in t e r ;  -re r a t  io n  c f  tui.-- is  n e t
c e r t a i n  s i n c e  one n ig h t  e x p e c t  t t  to  have th e  sane fundam ental as P
and e ~ , . how ever, i i ’ c uas o s c i l l a t i o n s  c f  tn e  same fundam ental11
o e r io d  as e . th en  th e  p rod u ct  rr ,  £ , ,  would have an e f f e c t i v e  p er io d21 1 21 11
c f  one h a l f  th e  fu n d am en ta l ,  i . e . th e  secon d  harm onic .
E m p ir ic a l  c r i t i c i s m  o f  d i l 1 berman13 th e o r y
As has a lr e a d y  been m en tio n ed , th e r e  i s  very l i t t l e  tem p eratu re
dependence in  th e  am p litu d e  o f  the o s c i l l a t i o n s ,  f o r  th e  harmonic con­
t e n t  o f  t h e  o s c i l l a t i o n s  i s  a lr e a d y  a t  a ns a tu r a te d "  l e v e l  fo r  tne  
l i q u i d  h e l i u n  tem p eratu re  range* T h is  t e l l s  us th at  th e  damping f a c t o r  
in  th e  am p litu d e  o f  th e  o s c i l l a t o r y  term in  d i l 1 b e m a n ’ s f  f u n c t io n ,
Eq. ( 9 ) ,  sh o u ld  n o t  be e~^ but r a th e r  y / s i n h  y* i s  an ap p rox im ation
o f  y / s i n h  y  under th e  a ssu m p tion  e »  1 ,  which i s  p ro b a b ly  n o t  t r u e  in  
th e  c a s e  o f  z in c  a t  l i q u i d  he lium  te m p e r a tu r e s ,  t h u s ,  th e  g e n e r a l  ex p res ­
s i o n  f o r  th e  o s c i l l a t o r y  term in  sh ou ld  b e  in  th e  form o f  a 3 nm o f  
a fundam enta l and s u c c e s s i v e  h a rm o n ics ,  as  in  Eq. ( 1 2 ) .
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In . i c s t  tu c o r i*  s  w - ie h  t r r a t  t : r  -e use H i n t  c r y  . hen omen on th e  
g e n e r a l  ■r c c e d u r e  i s  t o  assum e e i t h e r  , t i ie  c h e m i c a l  ;-c. t e i i t i a l  e r  N, 
t i i e  num: e r  o f  c a r i* io r  s , c o n s t a n t .  In th e  c a s e  l !  t h e  a e  . .a:-.n—van .-U.;. hen  
o s c i l l a t i o n  i t  d o e s n ' t  seem  t o  t o r  fror:. i .h a t  i o i n t  c f  v ia ;;  one s t a r t s .  
In  e i t h e r  c a s e ,  a s i :  i i l a r  cxjireri ■ Lcn fo r  Inc -iia;.ia;::;etic  s u s c e - t i u i l i t y  
i s  c a l c u l a t e d ,  i .o w e v e r ,  a s  we s n a i l  se t  , o .iio  i s  n o t  t r u e  t o r  tn e
r e s u l t s  o f  t r a n s p o r t  ■ hencmer.on,
Jy assum ing t h a t  »~n «  ^  - I I 1 : erman nan . . l a c e d  aims e l l  i n  a
p o s i t i o n  in  v.uich t h e  c c n s ta n c y  o f  can c . f e c t . iv e iv  be assumed f o r  p u r­
p o ses  cl' c a l c u l a t i o n ,  ..e c i v i c  u-ly  d o e s  n e t  u c ld  ^  c o n s t a n t ,  i m p l i c i t l y
c r  o t h e r w i s e ,  s i n c e  he lias c a l c u l a t e d  an o s c i  LL.-.tcr;. t.x. r o s s i o n  in  l / i i
f o r  *££  (E q .  ( I S ) ; ,  and th e  an l i t u i e  c f  th e  i s o  i l l ;  f in , ;  t e r n  i n  h i s  
d
f u n c t io n  i s  & 1 .  t h i s  r.akes i'or a very d i i T i c u l t  i n t e - T a t i c n  i,whica i s
31. *
n e t  s h o w  in  h i s  p a p e r - }, s in c e  f  i s  a Ii.nr.t o' i n t c , j r a t i o n .
"’o f u r t h e r  s in ip l i  fy tn e  n o t a t i o n  i n t r o d u c e d  i n  C h a p te r  , l e t  us 
d e f i n e ;
n -  cO;^ -  ( 2b)
t h e r e f o r e  from E q s .  ( 8b ; ,  ( y j ,  end ( 10) :
A i  -  I
A c  ’  -  *  p f e  (2 ? b )
Vhe o s c i l l a t o r y  te r m  i n  i i i l 1 b e rm a n '3 f  f u n c t i o n  v a r i e s  i n d i r e c t l y  from
^ R .  E, n i n ^ l e ,  F r o c ,  Roy. 3 o c ,  A, 2 1 1 , 500 ( 1 9 5 2 ) ,  
-*%. S c h o e n b e rg ,  P r o c ,  Hoy. Hoc. A, 1 7 0 , 3^1 ( 1 9 3 9 ) .  
3Ld i l»  b e r n a n ,  o p .  c i t .
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an o s c i l l a t o r y  c h e m ic a l  p o t e n t i a l .  And as v:u.3 , o i n t e d  o u t  in  C hapter X 
ho i m p l i c i t l y  assum es ( n / i . )  c o n s t a n t ,  ucv.-over, v;e can  s e e  from Eo. ( 2 7 )  
t h a t  tl ir  ’. . -r e c ise  form of f i  and O  ^"'ucnds -Jon w h etn er  t
/  11 f  21
( t n e r c  to r e  f ) , or ;; i s  c o n s id e r r d  t o  ..n t n e  v a r i a b l e  q u a n t i t y .
non i'rcm c o n s i d e r a t i o n s  o i  our e x p e r i m e n t a l  r e s  i l t s ,  :.’e  non.In p ik e  
t o  r e v i s e  some c>f tn e  a s su m p t io n s  a n d ,  h e n c e ,  c o n c l u s i o n s  c l  t n i s  t u e o r y .  
:' i r s t ,  c o n s i d e r  th e  r e v e r s a l  c 1 ;i<Ti c i  t i ie  :-hj.1 e f f e c t ,  i . e .  P  •
—  t  21
' h i s  t e l l s  ’is tii:-it th e  e f f e c t i v e  c a r r ' r r  h as  c.utn ed from a " h o l e 11 t o  an 
e l e c t r o n  w'uich means t h a t  b e t a  t h e  r.a n i t u  ic and cipp. o f  n h?.~ c h a n g e d .
A l s o ,  i i  we l o c k  o f  th e  c u r v e s  c l  P  21  t 21 v s *
and ( I f ) ,  we s e e  t h a t  o n ly  one mere o s c i l l a t i o n  wo a id  ee a l l o w e d  on th e  
l / h  a b s c i s s a  s c a l e .  . .o v  th e  '"encral p h y s i c a l  i n t e r p r e t a t i o n  c f  t n e s e  
o s c i l l a t i o n s  i s  t h a t  a maximum ( o r  minimum) in  tn e  e x p e r i m e n t a l  q u a n t i t y  
o c c u r s  when one o f  tn e  q u a n t i s e d  en er^ p  l e v e l s  c o i n c i d e s  w ith  th e  
e f f e c t i v e  berm i l e v e l ,  i . e . jF * p ii(n  + y )  wnere fn y  ■ p h ase  a n ^ l e .  
h e n c e ,  i n  our c a s e ,  t h i s  i m p l i e s  unat nor ma. n e t i c  f i e  l a s  >  2 v i . e ,  t h e r e  
i s  o n ly  one a l l o w e d  e n e r q y  l e v e l  l e s s  th an  £  , w hich f u r t h e r  i m p l i e s  
t h a t  i t  tn e  m agn itu d e  c t h e  f i e l d  i s  in c r e a s e d  i n d e f i n i t e l y ,  ^  m ust  
a l s o  i n c r e a s e  i n d e f i n i t e l y  i f  we i n s i s t  t h a t  t i i e  nunl-er o f  e f f e c t i v e  
c a r r i e r s  w i t h in  t n i s  p o c k e t  o f  th e  ie r m i  s u r f a c e  rem ain  c o n s t a n t *  T h is  
i s  a p h y s i c a l l y  u n a c c e p t a b le  c o n c l u s i o n .  3 c ,  i t  i s  ver- p r o b a b le  t h a t  
n/H i s  n o t  c o n s t a n t .  We may a l s o  c o n c lu d e  from the  a b cv e  argum ent t h a t  
f o r  t h i s  e x p e r im e n t  p J i ^  f o r  H >  10K .C . a c o n t r a r y  c c n d i t i o n  t o  
d i l ' fc e r m a n ’ s  pH «  £ .
I f  we s u p p o s e  t h a t  n o t  o n ly  i c  the e f f e c t i v e  number o f  c a r r i e r s  n o t  
a f i x e d  q u a n t i t y ,  b u t  r a t h e r  i t  i s  o f  t h e  form o f  u la c l c i a n ' s  e x p r e s s i o n
5$
'or 3 ,  Eq. ( 1 2 ) ;  f u r t h e r ,  th a t  th e  o s c i l l a t i o n s  in  f  (h e n c e  3X9
n e g l i g i b l e ,  v:e can a r r i v e  a t  some e m p i r i c a l  c o r r e l a t i o n s  netw een the s i g n
r e v e r s a l  o f  ^  ( - I g ,  lu )  and: the  p h a se  r e v e r s a l  o i  ̂  ( r i g .  3 ) ,
the p r e s e n c e  o ;' a l a r r e  sreen d  ; a i’n c n ic  in  tne u c ig h o o r u c  .d e l  tn e  ;.h:.sc
r e v e r s a l ,  ana an e x p la n a t io n  • th e  ; c r . i t i v e  cu u -aratic  3 ha; e t i  tne
e n v e lo p e  t o  t h e  O  c u r v e  ( r i t .  !: / • " he c c ’j r v t s  shown i n  .-Ig . l o  l e n d
r  11
t ' l r th c r  s u p p o r t  t o  t n i s  a r r r n - t i c n ;  s i n c e  o  Ki.icn i s  a i r e c t l y  r e l a t e d
t o  l i l ’ brrman1 v !' I u n c t  Lon e x h i b i t s  ail a lm o st  n e p l i g i v l e  c s c i t L a b o r y
com ponent, and c ,  w .i c -■ t : p r c p o r t ' c n a i  to  tn e  e f f e c t i v e  nun.-.er o i ‘
21
c a r r i e r s  ::as a d e f i n i t e  e s c  i ij .r .tor  r cu arac  t e r .
Krom Kqs . (3b) aiid 1 1 3 ) s
a , ,,°a -  i   (2-)
f 11 4 l „ o u  1 .  t a n ^ ;
how from r ip*  16 we sec  :'or t o e  na ,2 i' t i c  f i e l d  ran; e *-2 t i d s  e x p e r im e n t  
- 0 . 3  <  ta n  < 0 ,3 *  H ence, by e i n o n i a l  e x p a n s io n  t o  th e  f i r s t  o r d e r ,
/ ^ l l  ^1 "  t a r ‘2 ^  * • •) * ^ )
S in c e  we assam ed o  was a sm ooth f a . c t i o n  c l  th e  l i e l d ,  ’.re can s e e  from
th e  above t n a t
p ~ _ tan2.. - -2 i . (3 0)
r 11 o L1 c 3
H
A c o n s id e r a t io n  o f  th e  f i e l d  dependence o f  t a n ^ U d g .  16) snows t h a t  
t h i s  approx im ate  r e l a t i o n s i i l p  p r e d i c t s  th e  p o s i t i v e  q u a d r a t i c  c u r v a tu re  
o f  th e  env e lo p e  o f  observed  i n  F ig .  9 .  I t  a l s o  p r e d i c t s  th e  l a r g e
second harmonic i n  th e  ne ighborhood  o f  th e  phase i n v e r s io n  (U .2K.G#), 
f o r  t h e  o s c i l l a t i o n s  o f  have one h a l f  th e  e f f e c t i v e  p e r io d  o f  c ^
f o r  r  ?  5" .
21 21
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in  th e  r*:■ p : ons oi' m.'p;netic f i e l d  wnere D  < P  L«e. for
^ f  21 ' 21
■! •' 3 . L'K .o . and I- >  f K . c .  ( < P _  fo r  a l l  . » i ues c f  n ) , we n-'sujne
/ l l  ' 1 1
Mi a t  v.t  may w r i te :
^  ‘ ** r2 ♦ I z V - k ?  '  ^  (31>
and,
’ * 7 7 1 ?  ' ° " J
t h e r e f o r e ,
^  • /*u  -  / v  -  - 2 ™
.ow,
— - £ . A ,  , O l a ),■2 t  S 2 1;2 /  11
2 - - i  / 2 1 .f  + (n + r . r  j r  f  21
n  - ~ -----------  ̂3k c )
P \ \  + P  21}
r h e r e f o r e ,
f i x  * ‘ A  '•j; :'
2 ^ 1  / C lv/here J J L _ O i _______? , 0 — 7
( f i l l  * P  21}
ror  n < u K .u ,  ^  > G ana fo r  :> >  5 l « o .  r  < G. T h e r e f o r e ,
/-> ' 2*~ r 21
0  i s  n ou t o f  phase w ith  p  fo r  low f i e l d s  (< h .5 K .o * ) ,  and th en
11 21 ^
r e v e r s e s  i t s  phase a t  H •‘̂ 'U .SK.G. and i s  in  phase w ith  P  i \  d^-fi^er
f i e l d s  (> $K .G .) .
:d*om th e  e x p e r im e n ta l  r e s u l t s  f o r  th e  th e rm a l  p o t e n t i a l s  we can a l s o  
develop  son»e e m p i r ic a l  r e l a t i o n s h i p s  between th e  l o n g i t u d i n a l  and th e  
t r a n s v e r s e  e f f e c t s .
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From Lq. (2 i j ) :
_  f_ t . a n i^ l  a " 1
.s im i la r ly  from Eq. ( 2 5 ) ,
ii ■ ^  ' [ Uu - i ^  - £2 1 tan<] ''li Uj)
C21  [  E21 * U i l  '  e t a n < ]  i t  * ' - 1"
_1
A le r s  m easured X a lo n g  w ith  f  \ i  311  ̂  f &und t n a t  tn e y  w ere ooth
o f  tn e  same g e n e r a l  form as t h e  F ig .  9 , p r e s e n t e d  in  t . , i s  ; tu d y .
r e n c e ,  we w i l l  a sume t h a t  th e  f i e l d  depen dence  o f  a.  ̂ i s  c l  tn e  same
ty p e  as our e x p e r im e n ta l  A -
I f  we c o n s id e r  t h a t  i e , ,  -  — ®“£ i  i s  n e g l i g i b l e ,  we a r r i v e  a t  a
1 1  e £  -
r e l a t i o n  t.etween el-, and e ’ :i d  c l
e* 1 « - c *  t a r  < f  ( 3 b)I I  a l  ^
I n i s  w ould e x p l a i n  th e  phase i n v e r s i o n  o f  e^ a t  h . f f . u ,  shown i n
F i g .  7 and t h e  predc:tiinant seco n d  harmonic in  t h i s  r e g i o n ,  s i n c e  th e
o s c i l l a t i o n s  in  t e n  ( P  are  in  phase  w ith  e' in  t h i s  n e ig h b o rh o o d  o f
' t l
f i e l d  which g i v e 3  r i s e  t o  a sq u a red  o s c i l l a t o r y  term w ith  an e f f e c t i v e  
p e r io d  h a l f  th e  s i z e  o f  tn e  fu n dam en ta l i , e . th e  p e r io d  o f  th e  s eco n d  
harm on ic•
The a b s o l u t e  t h e r m o e l e c t r i c  uower i s  l i n e a r  in  e ,  i . e .  i f  c o n d u c t io n  
i s  c a u se d  by e l e c t r o n s  i t  i s  n e g a t i v e  or i f  c a u s e d  by " n o lc s"  i t  i s  
p o s i t i v e .  T h e r e f o r e ,  th e  a b s e n c e  o f  a m onoton ic  term  i n  make3  th e  
above a ssu m p tio n  r e a s o n a b l e .  A l s o ,  i t  w ould  be e x tr e m e ly  . fo r tu i to u s  i f
^2A l e r s ,  op . c i t .
^ F .  J .  B l a t t ,  S o l id  S t a t e  P h y s ic s  (New Yorki Academic P r e s s ,  I n c . ,  
19 5 7 ) ,  I v ,  2 2 6 .
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t h e  f i e l d  d ep en d en ce  o f  a,.,  and *5 -*  were o f  th e  same form ana .nat n i t u a e11 <r 1
su ch  as  t o  e f f e c t i v e l y  c a n c e l  e a c h  o t h e r ' s  c o n t r i b u t i o n  t o  th e  .measured 
p o t e n t i a l s .  I t  i s  more r e a s o n a b le  t o  iisuiLne t h e y  a re i n d i v i d u a l l y  
n e g l i g i b l e .  T h is  l e n d s  f u r t h e r  c r e d e n c e  t o  our i n i t i a l  assumi t i o n  o f  a
f i e l d  a lo n e  t h e  h e x a g o n a l  a x i s  was so m etim es  d i f f i c u l t  t o  a c h i e v e .  And 
when the o r i e n t a t i o n  was n o t  e x a c t ,  we u>.ted a l a c x  o f  s y ^ n e t r y  i n  tn e  
r e c o r d e r  t r a c e  o f  f o r  +. and —. . .  i n i s  we f e e l  i s  c a u s e d  by a 
com ponent o i  c •
31
'rte have a lr e a d y  n o te d  in  C h ap ter  ; * t h a t  a s m a l l  a n g u la r  n l s a l i g n -  
ment ( a / 1 2*;  o f  th e  h e x a g o n a l  a x i s  and t n e  m a g n e t ic  f i e l d  w ould  g i v e  r i s e  
t o  a com ponent o f  t h i s  e f f e c t  a lo n g  t i ie  l i n e  c f  tn e  t r a n s v e r s e  p r o b e s  
v i . ic h  w ould  be 101 o f  th e  t o t a l  e f f e c t .  T h is  e f f e c t  .may be i s o l a t e d  by 
o r i e n t i n g  th e  f i e l d  a s m a l l  a n g u la r  d i s t a n c e  away iTom t i ie  h e x a g o n a l  
a x i s  and p e r fo r m in g  a f i e l d  s w e e p ,  th e n  r e v e r s e  th e  magnet lbO* and  
t a k e  a n o th e r  f i e l d  s w e e p .  The sum o f  t h e  tw o  p o t e n t i a l  t r a c e s  w ould  
th en  be a m easure c f  tw ic r  h o r i z o n t a l  com ponent o f  t h e  e l e c t r i c  f i e l d  
a s s o c i a t e d  w ith  t h e  l o n g i t u d i n a l  e f f e c t ,  i . e .
E * h o r i z o n t a l  com ponent o f  l o n g i t u d i n a l  e l e c t r i c  f i e l d
0  -  s m a l l  a n g le  b etw een  d i r e c t i o n  c f  f i e l d  and h e x a g o n a l  a x i s
ffL -  k k 9 ( a n g l e  b etw een  h e x a g o n a l  a x i s  and n orm al t o  f a c e  o f  c r y s t a l ) .
s l o w l y  v a r y in g  f  and t  , and an o s c i l l a t o r y  n as a f u n c t i o n  o f  m a g n et ic
f i e l d .
P r o p o s a l s  f o i ’ f u t u r e  e x p e r im e n ts
As Wc? m en tio n ed  In C hapter  i l l ' , the  o r i e n t a t i o n  o f  t i ie  magnet.ic
E ■ 20 s i n  E 
i n  3
» l o n g i t u d i n a l  f i e l d
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In check ing  th e  o r i e n t a t i o n  oi' th e  magnet f o r  tin. rm al p o t e n t i a l  measure­
ments v;e nave c o l l e c t e d  da a c f  t n i s  s o r t ,  r u t  as  y e t  nave n o t  m a ly i .e d  
i t .  The r e s u l t s  o f‘ such  measurements shou ld  p ro ’, e 1.11 ..eu« s t i n g  s in c e
l o n g i t u d i n a l  e f f e c t s  arc  verp se n 3 t i v e  i n d i c a t o r s  o f  c o m p lica ted  oana.
3it ~
s t r u c t u r e .  A s i m i l a r  a t tem p t mlgnt be made to  d e t e c t  ( yi*
The n e x t  s e t  o f  exper im en ts  t h a t  sh o u ld  re  perform ed a re  measurements 
c f  the t r a n s v e r s e  and l o n g i t u d i n a l  tem p era tu re  <■ r a u i e n t s  as fu n c t io n s  o f  
th e  m agnetic  f i e l d  w ith  a c o n s ta n t  h ea t  c ’i r r e n t ,  ir,e r e s u l t s  o f  such 
experim en ts  would g iv e  th e  components c f  tne  X and X ^ tens  < r s  and 
c o u ld  be combined w ith  tne  i Viermoma. n e t  ic  p c l e n t i o l s  d a ta  of t h i s  - r e s e n t  
s tu d y  to give
i t  would ne i n t e r e s t i n g  then  to  r e p e a t  the tern c r u t u r e  “.e a su r in g  
exper im en ts  w ith  a c o n s ta n t  e l e c t r i c a l  c u r r e n t  thus  e n a b l in g  one to  
c a l c u l a t e  tn e  f i e l d  dependence o f  tn e  components o f  tn e  P e l t i e r  t e n s o r  ti.
In o r  i e r  to  se^ a r a t e  from and r r ^  from l / e  X one would
have to  measure both p o te n t i a l  and te m p e ra tu re  d i f f e r e n c e s .  We would 
tnen  iiave a d i r e c t  check  on our assum ption  t h a t  the  r a p i d  f i e l d  v a r i a ­
t i o n s  in  £  and as a f u n c t io n  o f  f i e l d  a re  n e g l i g i b l e .  iucn 
o s c i l l a t i o n s  i n  ^ 4 - ,  i f  th ey  shou ld  e x i s t ,  m ight imply s i m i l a r  cnes in  
, th e  s p e c i f i c  h e a t  o f  t h i s  group o f  e l e c t r o n s .  A lso ,  th e  r e s u l t s  
o f  such experim en ts  would be a  check  o f  th e  v a l i d i t y  o f  K e lv in 's  second  
r e l a t i o n  and 3ridgman*s r e l a t i o n ,  Eq. (5 )*
• ^ B l a t t ,  op .  c l t . ,  p .  231.
JfcPENDIX A
The one band model i s  tn e  s im plest, oi' t n e  modem apprcacnes  to  
t r a n s p o r t  phenomenon. I t  assume? a .'ermi— u i r a c  d i s t r i b u t i o n  :'or th e  
e l e c t r o n s  and a s p h e r i c a l  Fermi energy  s u r f a c e .  he e l e c t r o n s  a re
c o n s id e re d  to  have an i s o t r o p i c  mass ana r e l a x a t i o n  t i n e .  The t r a n s v e r s e
3 *3 3^r e s u l t s  i r o n  such a model an d e m o n s tra te d  by Kohler and I.ondneimer
a r e :
P  * * ~ j  and ta n  $  ■ jj.1i ( l l / If 21 ne
£2 i  ■ • lA2)
,r’he e v a lu a t io n  c i ‘ t h i s  second r e l a t i u n s n i p  im p l ie s  a con i e t e  knowleage 
o f  th e  energy  dependence o f  th e  r e l a x a t i o n  tim e n e a r  t i ie  ferm i s u r f a c e ,  
and a t  h igh  m agnetic  f i e l d s  and low te m p e ra tu re s  the  co n cep t c f  a 
r e l a x a t i o n  tim e i s  o f  dubious m eaning. In F.q. ( A l ) ,  e- i s  the  m o b i l i ty  
and i s  e n u a l  to  Y  b«ing th e  r e l a x a t i o n  t im e ,  and e th e  n e g a t iv e
e l e c t r o n i c  c h a rg e .  Thus one o f  th e  g e n e r a l  p r e d i c t i o n s  o f  t h i s  mouel i s  
a n e g a t iv e  h a l l  e f f e c t  f o r  a l l  c o n d u c to r s ,  i h i s  f a i l s  fo r  a number o f  
n e t a l s  ( c i n e ,  b e r y l l iu m ,  e t c . )  even a t  room te m p e ra tu re ,  however, & 
as shown above I s  an even fu n c t io n  c f  e ,  th e  e l e c t r o n i c  c h a rg e ,  and so 
co n d u c tio n  by p o s i t i v e  ho les  sh o u ld  n o t  g iv e  r i s e  t o  a change in  s ign#  
There a r e ,  however, many m e ta ls  in c lu d in g  th e  m ononvalent m e ta ls  Cu, Ag,
^ • i .  K oh ler ,  4# P h y s ik  116 , 3Y (19U 1).
^ E .  F. S o n d h e in e r ,  F ro c .  hoy. doc. A lh 3 » 46U (19U 6).
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Au, which have n e g a t iv e  Iv t t in g h a u s e n -h e rn s t  c o e f f i c i e n t s  a t  high
te m p e r a tu re s .  This i s  c l e a r l y  a more c o m p lica ted  e f f e c t  tn e n  th e
o ccu rren c e  c f  a p o s i t i v e  H a ll  e f f e c t  and some more g e n e ra l  model th an
37t n i s  would be n e c e s s a ry  f o r  i t s  e l u c i a a t i o n .
In tiie  f i r s t  a p p r o x in a tU n  t h i s  th e o ry  g iv es  a aero  m at*neto rcsis tance
3 ce f f e c t ,  however, a second ap p ro x im a tio n  f o r  low f i e l d s  f iv e s  F ra n k 's  
fo rm ula :
^ l (hJ “  / l l ( f) j J A k   -  A - t A3 J
1^
This  g iv e s  a q u a d r a t i c  f i d -  feoenaence _ut tn e  t r e o r c t i o a l  va lue  o A 
i s  *'ar too  s m a l l .
The o v e r la p ?  In..-.- two .. and model o f  >< na.ieim er and a i  i s  on assumes a 
q u a d r a t i c —energy momentum r e l a t i o n s h i p  and in t ro d u c e s  the  concep t o f
IQ
e f f e c t i v e  mass s to  ta< e  i n t c  accoun t th e  p e r io d ic  l a t t i c e . " " "  The over­
la p  o f  th e  two norm al bands i s  assumed to  be such  t h a t  fo r  one tn e  
c u rv a tu re  o f  th e  q u a d r a t i c  c o n s ta n t  energy  s u r f a c e  i s  p o s i t i v e ,  hence a  
p o s i t i v e  e f f e c t i v e  macs ( e l e c t r o n s ) ,  and fo r  tne  i th t  r  sand the  c u rv a tu re  
o f  tn e  s u r f a c e  i s  n e g a t iv e  which im. I i e 3  " h o le "  co n d u c t io n .
In most c a l c u l a t i o n s  ;n v c lv in g  t h i s  model, a c o n s id e ra b le  number o f  
s im p li .fy in g  assum ptions  a r e  made, e . g . i s o t r o p i c  r e l a x a t  on tim es and 
s p h e r i c a l  o r  e l l i p s o i d a l  Fermi s u r f a c e s  f o r  each oand. In p a r t i c u l a r  
a p p l i c a t i o n s  e q u a l i t y  c f  t h e  r e l a x a t i o n  tim es  f o r  oo th  oands i s  assumed.
The r e s u l t s  o f  t h i s  model a r e  g e n e r a l ly  c l a s s i f i e d  in  the  fo llo w in g  manner.
-^A. H. W ilson , The Theory o f  i i e t a l s , Second E d i t i o n ,  Cambridgej 
Cambridge U n iv e r s i ty  f’r e s s ,  « ?•  220.
sQ
ii. ii. F rank , 1 . P h y s . 6 I4, o^O (1 9 3 ^ ) .
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J K. ii. Scndheim er, op. c i t .
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1 . ’ = J 0
‘or sna.li. i e l  I • * r.e . ; a l l  an ; le  v u r i r\:; x in  e a r ly  v;it;. * **t xarge
: if 1  1 i o  >  r* mains f : .  .r cut ,;_t i a u i ■<■.<: .it c io; -e • '.'he
n a .T io t c r c s i  itcuice r c a c  ie ; an o^yV 'C * i c  : a lu t : f  cr  u ign  l o i n s *
2 . ^
In t h i s  c a . i e ,  th e  h a l l  a n g le  v a r i e s  l i n e a r l y  w itn  tr.e . i i e l d t r e a c h e s
a maximum and tn e n  te n  i s  asyvx* to  t  i c  a l l y  tovar-.is '..pro, ‘'he th e o r y  p i - c d ic t s
a f r a n k - ty p e  r e l a t i o n s h i p  ; .i t i i  tn e  m a g n et ic  l i e  Id  as in  hq* ( 3 ) • '• he
t h e o r e t i c a l  • d u e  o f  A i s  ii i f a i r l y  x u i  agreem ent •;itn ex p er im en t*  The 
p o s i t i v e  n a i l  e f f e c t  found  in  some neb a I s  can ;.e e x p la in e d  oy " n o le 11 
c o n i u c t i o n .
"he d i f f i c u l t i e s  in v o lv e  J in c _ l c p l a t i n g  an exp.re3Sj.on fo r  th e
a b s o lu t e  t h e m e  e l e c t r i c  pov r as a : u n c t io n  o f  m a ^ e t i c  f i e l d  s t r e n g t h
a re  m a n i f o ld .  t h e  th e o ry  o f  J o n in c im e r ^ 1 le a d s  to  very  com plex e x p r e s s io n s *
I f  one a : nines eq . a l i t y  o f  th e  e l e c t r i c a l  and txeri.-ial c o n d u c t i v i t i e s  f o r
both  b a n d s ,  and e q u a l  numbers o f  i - .c tr o n s  and h o le s  (n  •» n -  nj th en
1 >-
in  a tr a i l s  v e r s e  f i e  l a  j
_  .  . ,  _ __________________ Z
S n (H )  -  ®-i t . 6) ^ e .' I V  11_ _ " _ 1 1
5 n  ■
1 + - ^
L n fefr r ? —  T g r t ----------------- T T T e —  iiU>Xir ̂  &ir 7 / 0„i ,2
Here 1^ i s  th e  normal va lue  c f  th e  L oren tz  number xn a t r a n s v e r s e  m agnetic
f i e l d  and L -  -r“ $ in  z e ro  m agnetic  f i e ld }  o n i s  th e  e l e c t r i c a l  conduc-o ©o-L * o
t i v i t y .  The change i s  a  d e c re a se  in  th e  a b s o lu te  v a lu e  o f
sh o u ld  oe s m a l l  a t  very  low  te m p e ra tu re s  where e i s  sm a ll  and a l s o  a t
k°Ib id .
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v e r y  h ig h  te m p e r a tu r e s  where c  i s  s m a l l .  I t  s h o u ld  p a ss  throu gh  a 
maximum a t  an in t e r m e d ia t e  tem p era tu re*
In .an e f f o r t  t o  improve th e  c v e r la p v in g  nairi model Borov ik'*'*’ 
s u g g e s t .  d  two t y p e s  o f  e l e c t r o n s  a m  Moles each  w ith  u f f ^ r e n t  con cen ­
t r a t i o n  mass and r e l a x a t i o n  t i n e .  Me d em o n str a te  1 th a t  w ith  the a id  o f  
th e  e x t r a  p a ra m eters  i t  i s  p o s s i b l e  t o  o b t a in  pood agreem ent w ith  
e x p e r im e n t ,  uy r u i t a i l e  r no i c e  o f  v a lu e  3 for  t r o v e  ; arameter:',, he c o u ld  
e x p l a i n  th e  r e v e r s a l  o f  d p i  o f  t.lie n u l l  e f f e c t  in  n i s  e x ’; e r im e n t  on 
aluminum* io w v v e r ,  t m  i n t r o i  j c t io n  c f  tne c o n c e p t  o f  s e v e r & i ty p e s  o f  
c a r r i e r  ap pears  p u r e ly  a r b i t r a r y *
^■E. '3. B o r o v ik ,  op* c i t .
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d a ta  i’or th e  c a l i b r a t i o n  cu rve  c f  tn e  ^ a i 'n e t i c  .t'ipld:


























1 0 .0 3367
1 0 .2 3131
1 0 .1 3502
1 0 .6 3569
10 .5 3036
1 1 .0 3701
1 1 .2 3771
1 1 .1 3838
1 1 .6 3906
1 1 .8 3973
1 2 .0 1010
1 2 .2 1108
1 2 .1 1175
1 2 .6 1212
1 2 .8 1310
I  (a n p e re s ) r. (^ a u ss )
13 .0 1377
1 3 .2 u a a l
1 3 .a a518
1 3 .6 a579
13.9 I 046
L , . J 47 l a
li+.2 4781
U . 4 4648
1 1 .6 4916
1 1 .8 4963
1 5 .0 5050
15 .2 5113
15.1 5165
1 5 .6 5263
15 .6 5320 '
16 .0 53 57
16.2 5155
1 6 .1 5522
1 6 .6 5569
16.8 5657
1 / . 0 5721
17.2 5791
17 .1 5859
1 7 .6 5926
1 7 .3 5993
lb .O 6061
18 .2 0 I 26
18 . a 0195
1 8 .6 6263
1 8 .3 6330
1 9 .0 6397
19.2 0165
1 9 .1 6532
1 9 .6 6599
19.8 6667
2 0 .0 6731
20.5 6902
2 1 .0 7071
2 1 .5 7239
2 2 .0 7107
u5
I  ( am peres) Ii (g a u ss ) I  (am peres) ri (g a u s s )
22 .5 7576 29 .5 9933
2 3 .0 77Uo 3 0 .0 iO ld l
23 .5 7912 52 .5 13960
20 .0 8081 3 5 .0 11700
2U.5 82ii9 37 .5 I 2 .4J4O
2 5 .0 8J;17 5 0 .0 13130
25 .5 8585 a 5 .o 111200
2 6 .0 8751 50.0 15270
26*5 ’923 5 5 .o 16000
27 .0 9091 6 0 .0 16550
2 7 .5 9259 7 0 .0 17300
2 8 .0 9U29 50 .0 17850
2 8 .5 9596 9 0 .0 (18250)
2 9 .0 9765
N um erical d a t a lo r  .*ig. 15
i. ( i n t e g e r s ) 1 f\\ x 1 3 '(g a u s s  “*■)
fo r 21 maxima
5 “ 11/i: x 10 (g a u s s  )
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K u m e r ic a l  d a t a  f o r  t o t a l  f a l l  c u rv e s  ^  V3 * 8 ( 1 0 ) :
10“ 7 v o l t s  * 20 a r b i t r a r y  u n i t s j  I -  1 am pere ,
I  (am p eres )  v (p .2*K ) a r b i t r a r y  u n i t s  V(2.1°K) a r b i t r a r y  u n i t s
0 - 0 . 1 + 2 6 .0
a .o + 1 3 .2 39 .6
0 .2 1 3 .6 4 0 .2
>.h 1 3 .8 0 0 .6
u .6 l i : . 3 i .0.9
i*. 8 l i t . 7 4 1 .5
5.0 i 5 . o 4 1 .6
5*2 1 5 .3 4 1 .9
(>•4 15.7 4 2 .3
5 .6 15 .9 42.6
5 .3 1 6 .1 42*7
6 .0 16*2 - 3 .2
6 .2 1 6 .3 u3.2
6 .4 l o .  5 4 3 .2
6 .6 1 6 .6 4 3 .3
6 .3 1 7 .0 6 3 .5
7.0 1 6 .8 3 *7
7 .2 1 6 .6 4 3 .5
7 .6 16 .6 43 .2
7 .6 16 .6 i t3 .1
7 .6 1 6 .6 u 3
6 .0 1 6 .6 43*3
8 .2 1 6 .5 u 3 .3
5.6 1 6 .0 62.6
8 .6 15 .5 4 2 .3
* .8 15 .7 4 2 .3
9 .0 1 5 .4 4 2 .1
9 .2 1 5 .5 41 * 4
9 .6 15 .7 4 2 .2
9 .6 1 5 .3 4 2 .3Q 0 7 . >•- 1U.9 i*2 .2
1 0 .0 lii .O 4 1 .0
1 0 .2 13 .2 39.7
1 0 .6 1 2 .6 38.7
1 0 .6 1 2 .3 3 8 .5
1 0 .8 1 2 .0 3 0 .3
1 1 .0 1 1 .6 3 8 .2
1 1 .2 1 1 .3 3 7 .6
1 1 .6 1 1 .2 3 7 .4
1 1 .6 1 1 .2 37 .9
11 .8 l l . U 3 8 .3
1 2 .0 H . 3 3 6 .2
12 .2 1 0 .6 37 .U
1 2 . it 9 .5 3 6 .5
1 2 .6 8 .6 3 u .5
12 .8 6 .3 32.8
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I  ( a m p e r e s )  V ( a . 2 * K )  a r b i t r a r y  u n i t s
13 .0 5 .0
13.2 3.7
1 3 .a 2 .6
1 3 .6 1.8
13.6 1 .4
1 6 .0 1 .3
13a* 2 0 .1
1 6 .6 - 0 . 6
16 .6 1 .3
16.8 1 .6





16 .0 1 .0





17.2 10 • 0
1 ! . a 1 3 .0
17.6 15.7








19 . u 30.6





21 .5 a3 .3
2 2 .0 44 .1
22 .5 a3 .9
2 3 .0 a3 .6
2 3 .5 a 3 .4
26 .0 6 6 .1









2 7 .1  
26.8 
29.9 
2 5 .0  







2 5 .b 
2^.6 
23.6
2 n o C. • £.
19.8 
17 .3
1 5 .1  
12.:,
9 .6  




5 .0  
5 .8
7 .0
















tu m e r i c a l  d a t a  i 'cr  v s .  1/ii / i f .  11 ;:  10 ' v c l t s  ■ 22.5 a r b i t r a r y
u n i t s j  V = I*.20K} w ■* 5 m i l l i w a t t .
I  ( amperes) l /H  x 10'’ ( , rauc.> e.  ̂ ( »*'\ i t r a r y  uniT.s)
0 0
•,i.O
6 .2  a? *yl — 0 * 1
6 .5  4U.4O —0»3
0 .6  4 5' * -*0 —̂> * /
o*'.-. ai.C'V
7 .0  42.43  —  ̂» 6
t .2 11 .25 - ' . o
7.1  .0 .1 ,  - , . /
7 .6  3 0 .-6  - 1 . 0
7.P 3C.0G - . : ,2
■ .0  3 ( .1 3  —1.7
0 .2  30 . 2 c —1.3
-; .o  30.36  - 1 .1
8 .6  34.74  - l . S
.8 33.78 - 2 .3
9 .0  33.00 —3.1
9 .2  32.29 - 3 .7
9 ..:  31.39 - 3 .9
9  •< 3 0 , 9 .  - 7 . 9
9 .6  30.30 - 2 . 2
10.0  29.70  - 2 .3
10.2  29.12 - 2 . 3
1 0 .4  2 6 .3 5  - 2 . 3
1 0 . 2 8 . 0 2  - 2 . 6
10. f: 27 .74 - 2 . 9
11.0 27 .00  - 2 . 6
11.2 26.62 - 3 . 6
1 1 .4  2 6 .0 6  - 4 * 6
11.6  25*60 - 3 . m
11.6 25.17 - 5 . 1
I 2 ,u  2 c .75  - 4 .6
12 .4  2u»34 —4 .1
1 2 . h 23 .95 - 4 . 0
12 .6  23.57 - 4 , 2
1 2 .8  2 3 . 2 0  - 4 . 6
1 3 .0  22.85 - 5 . 1
1 3 .2  22 .50  - 5 . 6
1 3 .4  22.13  - 5 . 3
1 3 .6  21.81* - 5 . 1
13 .8  21.52 - 3 . 9
1U.0 21 .21  - 3 . 0
11*.2 20.92  - 1 . 8
l i i . l j  20.63 - 1 . 2
U*.6 20.31* - 1 . 7
H i .8 20.07 - 3 . 2





























































l e . r ?
U .69 
l o »5o 
l b ,  <2 
l o . l .
15.97 
15. '0 





l i u  8 5 




















e j 7 (arbitrary units)
- 6 . 1
- 7 . 5
- 8 .2
“ 6 .5
- : - . l
- 9 . 1














- 1 1 .6
 V« ; .o • u 
- 8 .6  
- 2 . 3  
♦ 1.2 
+6.7 
♦9 .7  
+7.6 
+ 3.2  
- 1 .6  
- 7 . 0  
- l o .  8 
- U . 6  
- 19.0 
- 2 5 .0  
- 2 7 .4  
- 31.6  
-3 5 .0  
-3 7 .4  
- 3 6 .4  
—uO, 1 
—a l .O  
- 4 I .6  
- 4 2 .3  
- a 2 . 1
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r . 6 2
: (1 • -
i ' • 'J ' *
: . O'
7.07
e 1 ( a r o i t r a r y  u n i t s ;  11
- 2 9 . 2  








N um erical d a ta  l o r  e6i v s ,  1/V: 10 1 volt'-; ■
l  ~ ; .2 ° 1 ;  w c : l i l l i w ' - ’' ! s .  ( rd*;. L2)
L. , —






o .6 n loo







r a ; to  .J
0■ J * <■* >: )6
H.6 3131
8.6 337 3
q .o 3 J >0
^ • 2 3 29
9 .1 31^9




1 0 .a 26
10 .6 2<a>2
10.6 2750













1 3 .6 2181
13 .3 2152
l l . O 2121
11.2 2092
l l . l 2063
1 1 .6 2031
11 .8 2007
15 .0 I960
' 1 i / iA ra r /  aii
- 1 . 0
- 2 . 0
- l . i l
- 1 .1
- 1 . 3
- 2.1
- 2 . 0
- 1 . 3
-O .S
- 0 , 0
- 1 . 9
- 3 . 6
— t* . 0
- 2 . 9
- 1 . 3
♦  ->»2 
+ 1 .3  
♦0 ,8  
- 1.2
—i-t .0
- 7 . 0
- 7 . 1
— ti « 3 
—0 . a 
+ 0 . 'j 






—lu .o  
-12.£
- 1 3 .7  
- 1 2 .3  
- 9 . 3  
- 3 . 5  
- 1 . 6  
♦0 .9  
+ 2 . 2  
+ 2 . 8  
+ 3.9  
+ 5 .9  







3 5 .8  
1 6 .0











1 8 .1  





1 9 .6  
19.8  
2 0 .0
20 .5  
21.0
21 .5  
2 2 . 0
2 2 . 6  
23.0  
2 3 .6  
21.0  
21 • 5 
25.0
2 5 .5  
2 6 .0
2 6 .5  
27 .0
2 7 .5  
2 8 .0
2 8 .5  
29.0
2 9 .5  
30.0


























U 1 9  



















&21 ' artjl +rar0' u n its)
♦ l l . u  
+ 18.S
+13.9
♦ 1 0 .K 
+ 6.5
f
- 1 3 .6
- 15.0
- 2 3 .3
- 2 6 .1
- 2 7 . , .
_  i 7 
6  I «L.
- 2 5 . 2
- 2 2 .5
- lo .O
- 1 3 .1  
- 7 . 9  
— >•5
♦ O *>
+ 3 .1  
+ 5.7 
♦ 6 .9  
+6.9 
+6.9  
+ 7 .2  
+ 10 .2  
+ 17 .1  
+ 25.9  
+ 30 .9  
+ 32 .3  
+27.5  
♦16.9  
+ 6 .5  
- 7 . 3  
—2 0 .8  
- 3 0 .7  
- 3 7 .9  
- 1 2 .7  
- u l . 3  
-u 2  .9  
- 10 .1  
- 3 1 . 1  
- 2 7 . 8  
- 19.8
7 3
I (am peres) 1/H x 10^ (gau3s” ^) 6,' ( a r b i t r a r y
32.5 512 + 8*6
3 5 .0 855 + 13.1
3 7 .5 801 +11*9
l o . o 762 +2 3 .8
1 5 .0 700 +U1.6
50 .0 655 ♦3*4.7
55 .0 628 +21.9
6 0 .0 601 ♦16.0
7 0 .0 57« ♦3 .2
OO.Q 560 - 5 . 1
724
N u m erica l  l a t a  fo r  tn e  o s c i l l a t o r y  component 0 1  tne  n a i l  e f f e c t ,  2 1  
( f i g ,  1 3 ) :  5 a r b i t r a r y  u n i t s  i'cr 21  * 1 2 r  v o i t s j  th e  c r y s t a l
c u r r e n t ,  : = 1 am pere.
It am perec) i / i :  x U b ^ ( 4 . 2 °* )  ^ ( 3 . 2 ° ' - . )  / ^ t  2 . 2 V ;  / ? 1 { 2 . 1 9 Kj
k^auj3“ 2)
.0  37*13 4 .0  '>,*>' O .J C.'/
;. 2  3 6 . 2 3  0 . 7  1 . 3  1 . 7  2 . 5
 ̂ » - j • 3-* - *7 5*2 3 . 4  3 . 1
. 0  3*4*51 p.O k . l  n .8  6 . 1
.8 33*/;* r * f u. ■ ■ * * i- 3.2
33* 2/0 o
‘/•w >2. 2' *. 3 • 3*4 3 .a
° .U  31.00' ..j 1.2 3. J
5 .6  3 3 .6 ' -J. * ■- ■. 2 > 1 .0
3 J . 2 9  1 . . .  1 . . ,  l . r  3
10.0  59. ( 0  ...6  ...5 3 .1  5.0
10.2  r >*. I .  / • 4 .3  3 .4  10. o
10..* ' 8 . 1 ,* '.•"• 10 .0  11.- 13 .3
1 0 . 0 2 1. j 1 r *6 iu,.* l J . r  I r . 8
10*7 2 7 • 6u c.*„ l J .  3 i J . l  1 2 . v)
L l . o  2 7 . 0 0  - . t  9 . 9  I 0 . 3  l o . o
1 1 . 2  26.62 7.4 9.7 l o — 1 1 . "
1 1 . *. 26. 0 .“: 0 .6  f *  ̂ 6 .0  l l . o
1 1 .6  26 .60  . . .8  .0  ^ .5  0 .0
1 1 .  ’ c 6 . 1 6  1 * 7  l . i .  1 . 3  t - .o
12. j 2... 7 -♦ O.l u.O 0 .0  u .2
1 2 ..''4 ■: 3 * 9 ‘-» 4 . 1  4 .2  5«-
12.5 :3 • 20 -Ly.5 1 7 . 5  1 5 . 5  1 7 .  J
13.2 2 .61  73.0  3 V o  19.2 2v.-
13.6 'Jl  —3 76..5 30.0 3 0 . 6 3 2 . 0
1 1 . . ;  2 1 . 2 1  13.5 2 5 .0  29.3 j  V
1.. 40.: 1 '. * j ‘"» >4,2
L . .9  25V .-I 21..5 25.5 27.5 31.5
1 6 . 2  1 9 . 5 1  1 5 . 6  1 9 . 0  1 9 . 2  7 1 . 0
1 3 .'- ly .O u  ^ . 5  7 .2  ?•■- 8*3
16.0 1 8 .6 6  0 .5  o.H 0 .5  0.8
16.5  18 . M  3.2 5.0  5 .5  4 .5
17.0 17.16 1 6 .5  19.0 20.0 22.0
1 7 .5  16.96  35 .5  38 .5  4 3 .0  143.0
1 8 .0  16 .5 1  52 .0  55.0 6 2 .5  63 .5
1 8 .5  16.07 6 2 .5  08.0 74.0  77 .0
1 9 .0  1 5 .6 2  6 9 .0  7 2 .0  7 6 .O 92.0
1 9 .5  15 .21  7 2 .0  73 .0  7 8 .5  81 .5
20.0 1U.85 7 6 .5  7 5 .5  8 1 .5  83.6
20.5 U .U 9 60 .0  8 2 .0  8 6 .5  90.0
21.0 V . U  81 .0  814.0 92.0 92.0
[( am peres)
Numerical d a ta  fo r  th e  o c u rv e s , 91,/. 16, and tne  t o t a l  n a :Tietore ^ i t a n c e , y *
I  ii 1/6 x 1 0 ' X I T  ^  x i ' - J ar.<f -  l /  K _ J  Cj^.._6.1J- l
(am peres) (g au ss )  ( .-auss"1 ) . o- Cc-in-s ) t h - i - j v
5.6 1685 33 .05 +.+5.5 I / 2 .6 + 4.265 +I 4 3*3 • i
5.8 1953 61.20 + . 6 . j 5 177.1 +‘J.2' J +137.75  ̂y * 0
6 .0 2020 - 9 . 3 0 + . 7 . 3 1 0 1 . . + 4 .2 ; . +1>5*10 515.9
6 .2 2187 6 7 .51 +a7.5 1-6 .7 + 4.2 +126,44 ; ̂  >. 1
6 .4 2155 ..0 . 0 + . 7 . 5 19 2 . J + ■4.2 i? +121.42 . 9 0 . 8
6 . 6 2222 . . ; .  j0 -l‘96 « ■' + . 2 . 4 + 11j . ,71 . 5  J .  1
6 .? 2289 I*. 3*69 ♦•*6.3 , . . 1 .  - + 7.2 i J + 1 x 3 .0 . -+/ -*-+
7 . 0 2357 .2.1.3 + 0' .5 + 1.236 +106.05
r.? Cc
7 .2 2u2ii a l . 2 5 + . 6 .3 712 . ; + -1.277 + l o l . 7 l .1 .7.5
7.U 2u91 +9.1- + . 7 . 5 217. V + .21- + 55.64 . 3 6 . 1
7 . 6 2559 35.05 + . 7 . 2 227.4 + j .712 + 9 0 . 5 - . 2 9 , 2
7 cf  9 ^ 2626 : c; . y + ̂  • J 227.1 + >.210 + 4 1 .3 ; .19*5
e . o 2694 37.13 +-+; .1 + -J.211 + 40.52 .14.7
8 .2 2761 36.22 +,.7.7 -13 5 . . + j . l r ’/ + O.Or .01.7
B . l 2626 35.36 + . . . 7 C • ■ + - . I 1’2 + 72. 50. 3 9 . . .
8 .6 2696 31.5-+ +.+.,. 2 '.9 + . L ' + ; 4 . Li .3S6 . I 6
8.8 2963 33.75 + 05.5 3 C0 .1 + 4.17" + 4 0 . . 2 376.8
9 .0 3030 33 .40 ♦ . . . .  . 201.7 + 72 + - J . J l 3 71*.
9 .2 3098 32.25 +..3*‘- 2x7.7 +0,1'.'.. + 59.63 3o3* 5
9 .4 3165 31.59 + *44.7 27 3 .1 + 4 . 1'4 , + - - .3 7 356.6
9 .6 3232 30.91 +u5.2 275.9 +0.161 + 60.71 347 .7
9 .5 3300 30.30 +— .? 2f 5 .1 +0 . 14 i + 63.67 3u2.3
10 .0 3367 29.70 +1+I.3 391.5 +4 .1++2 + a? .66 336.3
10.2 3436 29.12 +37.0 254*. +0.129 + 41.56 329.9
1 0 . ii 3502 28.55 + 34.8 3 0 . .  5 + 0 .1 1 . + 37.45 32. .  2
10.6 3569 28.02 + 3 . .3 30? .  > +0.111 + 35.37 319.2
o-
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T 3 .-zt ■ t  - -t _z ■ • 'J -1 xj .OvO  H -  A -  O s  O x  O(A HA HA HA HA HA
^  CM O s  s O  ’t  rH  CO SO  H A r H a J L A H A O  H - UA CM O X A -
"  rH  H— x t  rH  CO - J  rH  CO L A  rH  QO L A  CSJ u c  UA CM CO UAB. /-I. <V. A  I  * A  I /V \ —f I /A  ̂P i •... C7s O s Q  
J .  -J x j  . J L A
, , CM HA HA x t  UA L A  O
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a .  O  rH r H  rH rH  rH  CM CM CM CM CM HA HA HA HA H A -O  - H  X t  . H  X j  LTi L A  L A  UA U  \  s£> s O  MO s O  sO





. L / r .  X -LJ
( fTauss_ 1 )
/  21 x 'u ' 
[oha-crn
17 .0 5721 17.17 - 2 C' . 1
17.2 5791 17.27 - 3 1 .5
17.1 56 59 17.07 -3 9 .0
17.6 5926 16.57 -u 7 .2
17.8 5993 16.69 - 64.5
lfc.O 6061 16.50 -0 0 .5
I S . 2 6126 16.3?
16 .1 6195 16.11
i e .6 6263 15.97
16. S 6330 15.80 — 5 2 •■j
19.0 6397 13.63 —co...
19.2 6165 15.4? -  7 .5
19.1 6532 15.31 J • c
19.6 6599 15.15
1 9 .S 6667 15.00 - 9 6 .3
20.0 6731 U . r' 6 -U O .6
20.5 6902 U . . 9 - 111.6
21.0 7071 L*.L, -1 1 c .  2
21.5 7239 13.51 -12-J-.1
22.0 7107 13.54 -1 3 0 .
22.5 7576 13.20 -1 3 0 .0
23.0 77-X 12.51 -1 2 7 .2
23 .5 7912 12. 0, - 1 2 ; . ,
2 1 .0 7 061 12.37
21.5 ?219 12.12 -1 3 2 .4
25.0 s;.i? 11.5 5 - 1 .1 . 3
25.5 85 "'6 11.65 -1 5 6 .2
2 6 .0 2761 11 . -,2 - 1c .• • /
26 .5 6922 11.21 - r ^ . i
27.C 5091 11 .00 0 ) 'i_  -  a  *_
27.5 9259 1 - 2: 1 .3
28 .0 9428 I . . 4 I -2  3' .5
26.5 95? 6 lo . . . / -256 •?
29.0 5761 I 1- . 2~4 -2 7 3 .5
29.5 9933 10.07 - c :  / . ,
V-l-Jx I 4 
)hm-c,,i) tan
_ L
0-5  ̂ X 10 > 
( oh?ri~cni)~0
o n  x 10" 
(ohro-cm)"
511.1 - 0 . 0..9 5 -  9 .bc 195.16
517.0 - J . 44I —11.7  4 192.71
622." - 0 . 0 7 6 - L . . 1 9 190.22
■*»'v 0. * — J .  JC ,* - 1 6 . 7 7 1c7 .76
^  3*-+ • 0 —J • lo  c - 1 6 . 9 1 1C5.33
i .  tQ “I > • -L- - c l i 3 -2 0 .6 9 183 .16
> t -*U
" 4 . U f - 25.64 174.97
— 4. 1;1 -  2 - • 21 173 .21
? ; * • j. - ; . 1 > . - 0 4 0 4 171.62
— • x 3 i 1 IV 0 • K
1
l o > .9 9
5 , 7 . - - O . l o l - 27.13 I 0 6 . I 0
, ■r > * 3 ** J *  i-tl -2 7 .3 7 166.35
;■/ I * i "  \J m i  j ' - 2 / V  :: I 0 4 . 4I
—j * x r 3 - 2 9 . 1 2 156'.7 5
 ̂:• • 
X - 2 ".>4 153.67
•♦ ! * I-' 1!7- - 2 9 .  .c /L*6.o2
'  j f j  , * - 0 . 1 9 7 <- 1 • * ♦ v- 1 , 4 . 6 5
•5 ' j
j * - 0 . 1 3 - 2 4 . 1 3 1 ,1 . 1 a
0  ' A
1 ■ „ •  • . — ' T ■-• •  J- 2- - 2 5 . 4 4 136.22
--■.176 - 23.64 I 35.48
/ 3 3 V - 4 . 1/3 - 2 2 . 5 1 135.50
- , . 1 / 4 - 2 2 .5 . . 129.55
. .. - • ^ - , . l k- ■. - 2 3 . 3 9 124.51
7 ■’ v * - 5 . 2  4- - 2  . .72 123.35
— - ■ • L, -2 5 .7 5 120.*. ,
- 3, 23. - 2 7 .5 2 117.4^
 ̂ -i
■ x • _  1 7 1 > ■ • - - 2 6 . ; 5 1 1 , • ( 2
- 3 ^  * >■ - 2 9 . / ' 112. U
-  j# 2' ^ - 3 0 . 5 - l v 9 . 56
1 _ 1
— * <0 3 / - 3 2 . 0 5 1 4 / .44
• 0 - 3 2 . 9 4 l o , . 03




Im p o rtan t r^cperlm ental Q u a n t i t i e s :
a) C r y s t a l  S t r u c t u r e  oi' z in c ,  hexagona l c lo s e  packed,
c / a  « l»8b>  c * Q*9U A*, a * 2 .6 6  A®
b) C r y s t a l  S ize
2 6 .6 8  x 8 .1  x 0 . 3 aS n .nu
c )  C r y s t a l  C r i e n t a t i  on: w it;,  lo n g  s i d e  o i  c r y s t a l  In  v e r t i c a l
p o s i t i o n ,  th e  h e x a g o n a l  .axis l i e s  i n  th e  h o r i z o n t a l  p la n e  and 
makes an a n g le  o i  ah® w ith  th e  norm al to  th e  ia c e  o f  to e  
c r y s t a l .
d) Probe d i s t a n c e s
H a l l  j • lh  ... ♦ v..
M arn e to res i s t a n c e  1C ,11  m .n .
th e r m o e le c t r i c  v o l ta g e *  9 .d  m.m.
i t t in g h a u s e r v -N e r n s t  H. i  ri.m.
*The d a ta  f o r  Fig* 13 was tak en  w ith  a  s e p a r a t i o n  o f  10 .11  m.m# between 
th e  t h e r m o e le c t r i c  v o l ta g e  p ro b e s .
3EU3CT2J BLLP..GRAI irf
1 .  A l e r s ,  P .  P h y s .  Uev. 1 0 1 , i+l (1 ? 5 6 ) .
2 .  A l l ,  3 .  A .,  Low T em pera ture  o-alvanonagnctic l i f f e c t s  in  M eta l S in g le  '
C r y s t a l  o f  L i n e , a D i s s e r t a t i o n ,  L o u is ia n a  S t a t e  U n i v e r s i t y ,  1958.
3* A s b e l ,  .• l a . ;  ia 'a n o v ,  i k • X v y ciIyX L i f s i i i t z ,  M ., J K P  5 ,  C ?7 J •
L. ''lackman, M ., P r c c .  .Coy. D oc .  ( London) A loe., 1 ( 1 9 3 " ; .
9. B o ro v ik ,  E. S . ,  Z n u r .  E k p t l .  i  T e o re t .  Ti'/.. _2^, 83 (1 9 5 2 ) .
6 .  C a l l e n ,  B. B. ,  P n y s .  r e v .  753, 13L5 (19U 8).
7* de Haas, W. J .  and van A lphen , P. M,, Leiden Cortm. Lo. 212A (1 5 3 1 )•
8 . D in g le ,  d .  ii. ,  P r c c .  l e y .  B.oc. (London) A211, 900 (1 9 5 2 ) .
9 .  P rank , D. H ., Z. P h y s .  61±, 650 (1 9 3 0 ).
10 . K oh ler ,  M., An. P h y sik  1*0, o0 (1924.).
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